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Foreword

The development and application of medical devices has a long history. Some years
ago, a 3000-year-old wooden toe prosthesis was found attached to a female mummy
in an ancient Egyptian grave site [1]. It is one of the oldest prosthetic devices in the
world’s history and shows both the engineering skills of our ancient ancestors and
their medical experience. Further examination of the prosthesis has revealed details
about the time from which it came. With technologies like modern microscopy,
X-rays and computer imaging, a team of researchers were able to determine the
materials and methods used to make the prosthetic. They found that the wooden toe
was refitted several times. Based on the meticulous construction of the ancient
prosthesis, the researchers determined the wearer, a priest's daughter, who wanted
the toe to look natural and be comfortable to wear. About 2,500 years later, the
famous astronomer Tycho Brahe (1546—-1601) profited from a spare part, when he
received a golden artificial nose after having lost his nose in an affair of honour at my
hometown’s University of Rostock. Some years earlier in 1518 AC, the famous
German chevalier Goetz von Berlichingen (1480-1562) and protagonist of the
German Peasants war in the beginning of the sixteenth century received an iron
artificial hand and could thus continue fighting with the help of such a prosthesis.
These examples illustrate that the history of medical devices including artificial body
spare parts can be rewritten in such a way as engraved in the building of the
Department of Justice in Washington: “What is past is prologue!”

Medical devices save indisputably lives. Recent years have seen an enormous
push in the development of both new medical devices and medicinal drugs. This is
certainly based on an increased knowledge combined with managerial competence
and a pressure originating from demographic changes. The increase in the number of
elderly people and the related loss of body functions further stimulates research and
application of sophisticated devices with “performance” as a magic word. Perfor-
mance of medical devices is closely related to their approval which is a prerequisite
of sales and marketing. Medical devices must further reach the affected patient,
which explains why logistics, health insurances and financial budgets also play a
major role, both in the western hemisphere and in the so-called Third World. The
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development of medical device is costly, and thus a return of investment for
manufacturers and healthcare providers cannot be neglected. The search for new
ways of efficient financing all over the world is, therefore, a challenge for the current
medical device technology. Taken together all these influencing factors can be
integrated through a “Systems Approach” [2]. A systems approach in medical device
technology bases on the combined efforts of dedicated engineers, physicians and
managers for both well performing devices and therapies and to achieve optimal
cures for a high quality of life of patients. To my great pleasure, and more than
30 years after the introduction of this keyword, this book perfectly advances the
understanding, development and promotion of medical device technology as a
“systems approach”.

This book provides to my knowledge the first comprehensive and well-
documented book in the field of medical device technology by providing engineer-
ing, economic and medical rationales for the development and use of medical
devices. The collaborative work of the editors and authors brings to you a book
which represents indisputably a perfect overview about the actions which determine
the conditions for providing and sustaining medical devices. I also welcome in this
book the description of tasks of individual stakeholders, not to forget financial
aspects and the provision of medical devices in emerging third world countries.
I hope that this book will serve as a vehicle for a better understanding of the
background and problems of medical device technology and that interested readers
profit from its wide dissemination.
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Introduction

Why to write (and possibly read) a book entitled Medical Devices: Improving Health
Care Through a Multidisciplinary Approach?

It is almost a platitude to say that medical devices—with different levels of
complexity—are pervasive in today’s medical treatments. The topic has been indeed
treated by a series of competent authors. This book will outline that a
multidisciplinary approach to be applied to the use of medical devices has
undoubtable immediate benefits to the patient’s clinical outcome. In addition, this
approach can improve the value created for the healthcare system to benefit patients
and communities.

In addition, current demographic changes, such as the ageing of the population,
and the increase of chronic diseases leading to long-lasting and repeated treatments,
create an additional challenge to the sustainability of the healthcare systems.

The use of technology and tools in medicine has a long history. In the
industrialised world, a huge number of different devices and equipment have been
introduced to the medical field to support diagnosis, therapy and rehabilitation. In
recent years, this trend has provoked the development of new devices. When
considering the current concept of personalised medicine, new ideas and models
are urgently needed.

The increasing use of highly sophisticated medical devices, such as MRI,
PET-SPECT, and artificial organs, may increase the cost for treatment. This may
also be due to the raised therapeutic expectations which will also lead to a higher
demand for reimbursement by the community.

For the above reasons, the quest for value and improvement of efficiency in health
care has become a hot topic in this field. The complexity of a technology-based
healthcare system, however, requires looking at it from different perspectives. This
means to consider a systems’ approach for the application of medical devices,
depending not only on the condition of the patient. This approach also involves
medical science, environmental conditions, engineering, organisational, normative
and economic aspects.

vii
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Fig. 1 Topical clusters in relation to medical devices, which will be addressed in the following
chapters (HPO—Healthcare Provider Organisation)

This multi-perspective view is the objective of this book. It will show that a
consistent and multidisciplinary management of medical devices offers an important
support for healthcare institutions. The subject of medical devices goes together with
at least six topical clusters, as represented in Fig. 1.

These clusters underline the multidisciplinary nature of the application of medical
devices and are at the basis of the questions arising in the everyday life of operators
and decision makers:

e What is the meaning of value in health care?

* How can the healthcare system and organisations pursue the value, quality and
sustainability of care?

¢ How to decide about the best applicable medical technology?

e How to control the quality and safety of the application of medical technology?

e How can a Healthcare Provider Organisation (HPO) optimise its performance
with the use of medical devices and equipment?

e What is the role of innovation in health care (medical devices)?

In the following, this book will provide possible answers to the above questions.
They are based on the experience gained in academia, in both research and
healthcare institutions as well as in industry. This book further aims to support
decision makers (engineers, caregivers and administrators) in deciding on opera-
tional and strategic movements when dealing with complex medical devices. We
hope that this work can make a contribution to the quest for the increasing quality
and efficiency in health care for the benefit of the patient and the community.
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Fig. 2 Structure of the book showing the roadmap to guide the reader along a multidisciplinary
tour (ICT—Information and Communication Technology)

Figure 2 shows the roadmap followed in the book to guide the reader along this
multidisciplinary tour.

Part I provides an introduction of the overall topic presenting the author’s
considerations on what are the potential improvements that medical devices and
equipment can bring to health care (Chap. 1), which is also seen in an approach to
individualised therapies (Chap. 2). But in our society fechnology is almost a syno-
nym of innovation, this is why we added (Chap. 3) an examination of the innovation
theory in medical technology.

Part I clarifies some basic definitions and provides an overview of the standards
and regulations applied in the field (Chap. 4) and presents (Chap. 5) the typical
lifecycle of a medical device to show what are the main issues to consider when
dealing with these devices, always keeping the effectiveness of the therapy and the
patients’ (and operators’) safety in mind. In this chapter the development of a cardiac
arrhythmia monitor is presented as a case study.

Part III describes some of the important points that healthcare institutions should
consider when operating the medical devices. Chapter 6 analyses the impact of
medical devices in a generic healthcare provider organisation and gives some
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examples based on the haemodialysis treatment. The problems connected to the
patient’s security due to the extensive use of ICT are considered in Chap. 7.

Part IV contains information about economics and value in health care. Chapter 8
deals with economic perspectives of medical devices. The concept of value and the
economic assessment of medical technology are treated in Chap. 9. Finally, reim-
bursement systems and pay-for-performance are discussed in Chap. 10.

Part V deals with the problems and opportunities that come with the wide
application of medical devices. Chapter 11 mainly addresses the issue of healthcare
sustainability. Opportunities and problems related to the application of new tech-
nologies in low- and middle-income countries are considered in Chap. 12.

Ethical aspects connected to the use of medical devices are considered in
Chap. 13.

And finally, in Chap. 14 the authors provide closing remarks and discuss a
prognostic view of the possible future developments of medical therapy.

Carlo Boccato
Sergio Cerutti
Joerg Vienken
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Opening Thoughts



Chapter 1 ®)
The Medical Devices Promise s
to the Healthcare System

Carlo Boccato, Sergio Cerutti, and Joerg Vienken

Abstract The chapter analyses possible contributions offered by medical devices
technology in order to tackle the troubles affecting healthcare services worldwide.
These issues affect the efficacy and efficiency of all healthcare systems, finally
undermining their very sustainability. The most evident problems, at least in the
affluent part of the world, are rising cost, mainly due to demographic changes and the
increase of non-transmissible chronic diseases. In addition, the lack of adequate
healthcare for the lower-income part of the society is evident and unacceptable.

The chapter will focus on the creation of value for the patients and other
stakeholders starting from the care delivery value chain and will underline the
contribution of the technology to improve the different healing steps.

A special consideration will be given to the need of a consistent and
multidisciplinary approach including all the different components of the healthcare
system from technology to infrastructure to human resources and the involved
stakeholders.

Introduction
The global healthcare system' suffers from many issues that undermine its effec-
tiveness and long-term sustainability.

"Following the definition of the World Health Organization, a health system “consists of all
organizations, people and actions whose primary intent is to promote, restore or maintain health”.
Its goals are “improving health and health equity in ways that are responsive, financially fair, and
make the best, or most efficient, use of available resources” [15].
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The most evident concerns are rising costs mainly due to the increase of the
elderly population, its higher morbidity and the increase of non-transmissible
chronic diseases. These causes are more evident in the most affluent societies, but
are now extending also to lower-income countries, as underlined by a WHO
report [1].

As will be detailed in the following, healthcare systems are not always able to
provide the adequate level of care to the vast majority of people worldwide due to
increased expenditure in labour and medication. Moreover, we often observe the
lack of minimal level of care in low-income countries and for lower-income people
even in affluent societies.

Many authors identify the key point to solve these systems’ weaknesses. They
propose the healthcare systems to become more focused on the delivery of value for
the patients and the community they serve.

This chapter will deal with first observations that a consistent and
multidisciplinary use of medical devices can be instrumental to find solutions for
the problems of healthcare systems.

1.1 The Medical Devices Technology: A Preliminary
Definition

According to the Medical Device Regulation 2017/745 of the European Union
(EU MDR), a medical device can be defined as any instrument, apparatus, appliance,
software, implant, reagent, material or other article intended by the manufacturer to
be used, alone or in combination, for human beings for diagnosis, prevention,
monitoring, prediction, prognosis, treatment or alleviation of disease” [2]).

According to this definition, the term medical device covers a wide range of
products, spanning from a simple wooden-made tongue depressor to a hospital bed
to a complex MRI or X-ray equipment.

With the present development of the technology, the expression medical device
includes also the group of contrivances that, even if not originally designed for
medical application, are now used for healthcare purposes, perhaps with auxiliary
functions. In fact, the dedicated (and possibly wearable) sensors, supplemented by
software and functions embedded in smartphone and smartwatch, are a further
promising source of innovation and diagnostic support. Devices based on artificial
intelligence (AI) and big data analyses systems should also be considered in this

group.

>The quoted definition from EU MDR has been shortened to improve the readability. A substan-
tially similar definition is given by WHO. More precise and detailed designation, together with the
relevant implications, can be found in Chap. 4 of the present book.
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It must be ensured that the collected data have a real medical meaning and can be
used for diagnosis, prevention and therapy. For this reason, it is mandatory to apply
here all the regulations as done for the “traditional” medical devices.

1.2 The Main Challenge

It seems that the destiny of every complex system, such as a society or an organi-
zation, is to be challenged by considerations on effectiveness, efficiency and sus-
tainability (see Chap. 11 for more details) [3—5]. The solution to this problem usually
requires a committed change in perspective by all stakeholders. This also holds true
for the healthcare systems today.

With respect to the recent past, we experience the availability of an incredible
amount of new and encouraging powerful tools and technologies for diagnosis and
for successful therapies. We are also confronted with a complex and difficult
scenario, characterized by:

* Ageing of the population, at least in the wealthier countries, that increases the
need to treat chronic illnesses with the consequent upsurge of related cost.

» Explosion of the cost, especially in the affluent part of the world. This might also
be provoked by the increased expectations stimulated by the successful progress
of healthcare technology [4].

* Need to ensure the adequate health assistance to a wider part of the population in
lower-income countries and to the less wealthy group of the population in affluent
societies.

e Reduced marginal returns of healthcare expenditure, e.g. in terms of acquired
healthy life years versus the total expenditure. This seems to be a “law” for all the
complex organizations. This is especially perceived in the countries where the
total expenditure is high [3-5].

The reduction of the marginal return for healthcare expenditure is illustrated by
the diagram in Fig. 1.1 [6].

This trend dramatically shows that in all countries belonging to the Organization
for Economic Co-operation and Development (OECD), the increase of expenditure
in healthcare does not yield a linear improvement in the healthy life expectancy at
birth.

A similar behaviour can be found when considering the expected improvement of
the QALY over the expenditure.

QALY (Quality Adjusted Life Years) is a measure of the burden of disease. The
concept is to weight the years of life lived with a defined quality of the life. One
QALY is equal to 1 year in perfect health. The presence of any sort of disability
assigns a weight less than one. The basis for the assessment of QALY is a generally
accepted questionnaire.

A more detailed discussion of this aspect can be found in Chap. 11.
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Life expectancy and health care expenditure in selected countries
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Fig. 1.1 The increasing expenditure in healthcare does not result in a proportional increase in life
expectancy. This suggests a reducing return in the healthcare investments. (Modified from [6])

1.3 A Possible Answer

The majority of authors, including the group of experts at World Economic Forum
(WEF) 2020, agree that the change of the present paradigm of healthcare systems
seem to be the only real solution to afford the above-mentioned challenges [5]. This
approach promises to be the most powerful and sustainable one in the long term,
especially if compared with the plain cost-cutting exercise, which is often much
appreciated by the policymakers.

Basic research, best practices dissemination and a value-based reimbursement are
among the most powerful tools to achieve this paradigm change together with a
patient-centric approach. This can bring value in the system and increase the return
of spent resources. The creation of a patient-centred healthcare system requires to
move from a quantity-based delivery of services to a value-based approach and
evaluation [7-10].

We assume that a major contribution to these concepts can be provided by
medical devices.

This approach suggests that the therapies, or the medical acts in general, should
be chosen (and possibly reimbursed) not (only) on the basis of their quantity, but
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(mostly) on the value they can create for the health and well-being of the patients
(see also Chap. 10 of this book).

According to Kaplan and Porter [9], the value in healthcare should be measured in
terms of the patient achieved outcomes according to the money spent.

This can be summarized as:

Health outcome of the patient
Costs for the delivery of the outcome

Value =

The starting point is to correctly define the health outcome of patients. Too often
this is intended just as the plain delivery of services, with the assumption, that more
(delivered) services is equal to more (delivered) value. A model developed by
M. Porter et al. [8—12] suggests instead to focus on the real health and life quality
improvements achieved by the patient. This includes a possible patient discomfort
experienced during the treatment and the sustainability of the reached health status.

These authors underline the need to concentrate on the overall value created for
the patient, rather than on parameters that are only giving a partial view of the caring
activity. The proposed model indicates three tiers for the assessment of what has a
real value for the patient. This hierarchy of achievements includes:

» Patient’s achieved health status or maintained in case of degenerative/chronic
illness.

* Process of healing including the possible discomfort created by or connected to
the therapy.

* Process of recovery (time for achieving the best possible health status and
possible suffered discomfort).

* Sustainability of the achieved health status including the resulting quality of life
(QoL) and need for possible re-interventions.

Each of the above tiers may be subdivided in additional subcategories, according
to the specific pathology and treatment strategy.

The complexity of medical treatment should also consider a set of many com-
peting outcomes, e.g. near-term versus long-term functionality. These must be
weighted to achieve the best compromise, also in light of the patient’s individual
preference. For the purpose of the present discussion, we can avoid to go into further
detail.

The creation of value for the patient is accomplished through different steps that
can be summarized, according to the above authors, with the Care Delivery Value
Chain (CDVC). This chain shows the different activities undertaken at the different
stages of an illness, from prevention, to diagnosis, treatment and rehabilitation. The
detailed steps should be further specified depending on the pathology under
consideration.

Table 1.1 shows the main steps to be undertaken for the creation of value in
healthcare. This generic chart should be enriched with more details according to the
pathology, illness status and healthcare insurance.

The relevant activities can be categorized in two main areas:
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* Supporting activities such as informing, measuring and accessing.
* Primary activities directly devoted to the delivery of care.

Again, making reference to a non-specific treatment model, the contribution of
the medical devices to each of these activities can be summarized in Table 1.2.

The achievement of the value for the patient should be observed and monitored at
each step of the value chain.

As shown by WEF in 2020 [5] and by E. Topol in 2012 [13], the transition to a
new type of healthcare is controlled by the intense application of new technologies.
In addition, many techniques inherited from other fields of engineering can provide
an important support.

This is the case of the application of highly sophisticated prosthetic devices and
artificial body parts and organs, robotic tools, advanced imaging techniques, dedi-
cated non-invasive and invasive sensors for physiological parameters, algorithms
and computing power.

Table 1.3 and map in Fig. 1.2 give another, perhaps more comprehensive, view of
the possible contribution of the medical devices to the change of the healthcare
paradigms.

The super convergence® [13] of all these instruments paves the way towards the
new medicine, but also helps to improve the present praxis and allows for an
important cost saving.

One possible example is the continuous collection of important parameters
obtained with non-invasive and invasive sensors or with devices autonomously
operated by the patient.

This procedure supports all phases of the care delivery chain, especially if the
collected data can be shared among all the different caregivers at various stages of
the caring process, possibly through a well-designed IT-infrastructure.

The power of internet in improving the literacy of the patients and the availability
of “consumer” devices should not be underestimated. It allows a sort of “informative
self-monitoring” of the patient. Such tools can support the decision-making of the
people for an early referral to caregivers in case of possible pathologies. In this way it
is possible to achieve a healthier way of life at an earlier stage or a better compliance
with the prescribed therapy.

An important caveat at this point is to ensure the correctness and precision of the
information made available to the patients (usually via internet) and the reliability of
consumer devices.

Misleading communication can give rise of the generation of wrong expectations
for applicable therapies among sick people. This is an area to be strictly monitored
and controlled by medical authorities, regulatory institutions and policymakers.

3The term has been used by E. Topol [13] to make reference to the contemporary availability and
ubiquity of the digital technologies (including smartphones) that may support, e.g. the self-
monitoring of vital parameters, the social networking, the pervasive connectivity, the imaging
capability and the powerful data processing tools.
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Table 1.3 How the medical devices can contribute to healthcare improvement (loMT—Internet of
Medical Things, AI—Autificial Intelligence)

Supporting methods and

Devices and tools strategies Objectives to be achieved

e [oMT * Precision medicine * Short- and long-term improvement of
* Registries  Healthcare outside the diagnosis and therapy

* Big data and Al clinic * Reduction of diagnostic errors

* IT tools for interac- * Sharing patient’s data/ * Prevention of under/overtreatment
tive education clinical history * Preventive medicine

* Biosensors * Automatic support to » Seamless continuous care

¢ Telemedicine diagnosis * High level of care in remote areas

* Precise imaging sys- | ®* Remote medical consul- | * Reduce/optimize the costs of care
tems tation

« Effective artificial * Focus on patient’s
organs ecosystems

* Advanced prosthetic

systems

Focus on
atient i
Big Data p; Prevgn_tlve
medicine

Personalized /
effective therapies

Reduced errors
in diagnosis

- 3 Precision
L medicine
- K
71

Non-invasive . 77
invasive << K Automatic TN
wearable sensors i interaction/support [
with/to diagnosis | \. _.-~| Reduced cost

Seamles
!/ continuous care
7/ s N \
/ / // ‘,\
S, N
/// // N
/ N .
iy _| High level of care

available in
remote areas

1,”
loT / loMT

Fig. 1.2 Contributions of the medical devices to the healthcare paradigm change. (loT Internet of
Things, IoMT Internet of Medical Things, /T Information Technology)
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In addition to the items listed in Fig. 1.2, it is important to remember the need for
the availability of low-cost and hi-quality “simple devices”, like syringes, personal
protective equipment (PPE), disinfection devices, face masks or simple medication
disposables. The availability of these medical devices with acceptable quality and
reliability also in remote areas or in low-income countries might not always be
granted. These are important means to improve the overall health status of the
population by e.g. avoiding the spread of infections, allowing for effective vaccina-
tion campaigns and reducing mortality [14, 15].

The medical device technology as shown in Fig. 1.2 also influences the social
aspects of healthcare mainly through:

* Moving the patients towards “self-care” and more autonomous implementation of
therapies.

* Influencing positively the communication between patients and professional
caregivers implementing a deeper and more precise flow of information about
pathologies and possible therapies [4].

1.4 The System Thinking

The successful clinical application of any medical device, especially in the case of
complex equipment, needs to consider several dimensions and a fully
multidisciplinary approach. This holds also true for the subsequent successful
outcome of the medical act.

As reminded by WHO [16], system thinking is an essential approach for success
in designing and operating the healthcare systems and healthcare provider
institutions.

Figure 1.3 summarizes the different aspects and actions involved in the successful
application of the medical technology, of which the medical devices represent a
larger part.

All medical acts suffer from the ambiguity between a remedy and a potential
creation of damage [17]. For this reason, we must operate the trade-off between
benefits and risks, even in the clinical application of medical devices. This aspect is
becoming more and more significant in light of the increasing complexity of devices
and systems which are currently available on the market. The topic is involving all
stakeholders, i.e. engineers, notified bodies (for normative and regulation require-
ments) as well as caregivers. The compliance to these prerequisites ensures that the
devices put on the market are fit for purpose, meaning that they deliver the claimed
benefits and are, at the same time, safe for the patients and operators.

The delivered benefits and the sustained cost are also important area of trade-off.
The cost issue, even if perhaps not considered in the historical medical literature, is
of utmost importance. This is due to the present complexity of many devices
themselves and to the increasing healthcare demand.
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Fig. 1.3 Key trade-offs and impact factors that are involved in medical device application

The costs evaluation includes many aspects, basically the capital and operational
costs. They must be subject to careful consideration by decision makers, such as in
politics and in healthcare institutions (see also Chap. 6).

Another important area of interest is relevant to the different stakeholders
involved in the selection and use of the devices. This group acts like a business
chain and spans from manufacturers, vendors, decision makers and operators and
finally patients.

The healthcare is a very specific branch of human activities, dealing with human
beings and with their physical and mental health with the final goal to improve
quality of life. The healthcare technology involves not only the healthcare pro-
fessionals and the patient under treatment but also the relatives and people in contact
with her/him. This group includes a potential lay user of medical devices and spreads
up to the whole community.

Political decisions are also deeply affected, especially concerning the economic
affordability and sustainability of the technological choices. Political decisions and
market dynamics also influence and promote the development and the adoption of
innovative solutions (see also Chap. 3). In addition, it is important to consider the
implications of new and complex technologies on the consolidated healthcare
system. The successful outcome of the healthcare act is influenced by many actors
and resources as summarized in Fig. 1.4 [4, 16].

All the aspects illustrated in Fig. 1.4 influence the correct use of the medical
devices and are affecting the successful implementation of the therapy.
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Fig. 1.4 The implications of medical technology on the healthcare system

A general but not exhaustive list includes:

* The devices should be reliable, safe, effective and implemented according to
standards and directives.

e The caregivers (either professional or not) should be trained and open to use the
technology.

e The community should be willing to accept the use of these device and ready to
allocate the required resources for their availability and full accessibility.

* The management (also at political level) should operate for the accessibility and
affordability of the devices and provide resources and required work
organization.

e The healthcare institutions (inside or outside the traditional hospitals) should
prepare their physical infrastructures for the effective use of these devices.

* The patients and lay caregivers must have the adequate literacy for the use of the
devices. This is part of the education on the compliance with therapies.

The main message behind the above considerations is that the benefits coming
from the use of medical devices necessarily require a genuine multidisciplinary
approach. This involves the people’s mindset and culture, the infrastructure design
and management as well as the political choices.

Conclusion
From the above discussion, it is possible to summarize the contribution of medical
devices to problems presently affecting the healthcare system:

* Availability of monitoring tools since the early inception of the illness to allow
prevention and early referral. This allows a better health status for the patients and
avoid/reduce the cost for the treatment of a heavier illness status.

* Availability of devices that may help the (potential) patient either in the preven-
tion phase or in the recovery phase (post treatment, e.g. surgery). This holds true
for monitoring or self-monitoring tools as well as for devices that can support the
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patients/caregivers in maintaining the required compliance to the prescribed
therapies.

Availability of devices supporting the patients in acquiring the best possible level
of autonomy.

All these can help the healthcare environment to increase the value for the

patients, seen as a better outcome with a containment of the cost in a socially
acceptable way.

Take Home Message

— The ageing of the population, the spread of chronic diseases and the
reduction of the investment return in healthcare are undermining the
long-term sustainability of the healthcare systems worldwide. In addition,
the lower-income part of the population may still lack the adequate level
of care.

— The solution to the above issues requires a change in the present healthcare
paradigm.

— The use of medical devices, characterized by different level of complexity,
can have a positive impact on the improvement of each step of the care
delivery value chain and in the needed change of healthcare paradigm.

— A system approach, to consider all the involved aspects, from technical
knowledge, to personnel management to economics and innovation is a key
factor to ensure the full exploitation of the medical devices potential.
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Chapter 2 ®)
The Role of the Engineer and Technology <
in Healthcare

Joerg Vienken

Abstract The engineer in charge with developing, producing and marketing of
medical devices has to be a specialist in many interdisciplinary realms, ranging
from natural sciences to finances and ethics. This requires both curiosity, knowledge
and the capability of finding compromises in terms of cost and time. Current main
issues represent the following questions: (1) “How to test a device adequately?”
(2) How to cope and avoid extractables from polymers and medical devices?
(3) How to achieve a reasonable biocompatibility? A good understanding of phys-
iological pathways and processes in the body of a human being helps to answer these
questions during conception, research and development of devices for medical
application. Last but not least, the bioengineer has to be communicative, because
many questions can only be answered in a cooperation between scientists and
engineers from both academia and industry.

Introduction

Medical device technology has made an enormous progress in recent years. Diseases
can be recognized earlier and therapies initiated faster and more efficiently. It can be
explained by both a better understanding of the medical background and knowing
the physiological consequences of medical device interaction with parts of the
human body. Further, new concepts on improving quality of production and control,
cost efficiency and where, when and how to apply medical devices (e.g. invasive or
non-invasive) have been advanced and perfectioned. However, a “one-fits-all”
medical device does not exist. The patient as a target has to be properly defined
and her/his individual needs precisely addressed. It’s general knowledge that when
looking at possible targets for treatments with medical devices, individual properties
of patients in terms of age, gender, possibly genetics and individual malfunctions of
the body, have to be recognized. A short overview about functional disorders
depending on patient age is provided in Fig. 2.1.
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Fig. 2.1 MedTech targets based on the human time-axis. Subsequent failures of body functions are
shown. Already at the age of 18 possible therapies to be addressed by medical devices or medicinal
drugs may be needed to recover skin failure or for patients at an average age of 50 with first signs of
kidney failure. (O: the author)

Bioengineers, who want to apply medical devices for the compensation of
malfunctions of body parts, must also bear in mind that the physiology of a patient
changes with age. It renders the pre-emptive development of medical devices
difficult.

Recently developed innovative techniques with appropriately adapted medical
devices have also shown that medical devices are available like body’s spare parts.
To mention only two of the most spectacular recent developments: an electronic skin
which shows both flexibility and a sense of touch, possibly to be applied for the
treatment of heavy wounds [1] (and not from the age of 18 onwards (see Fig. 2.1))
and brain-computer interfaces (BCls) for the communication of people, who have
lost the ability to move or speak [2]. Such BClIs help to welcome handicapped people
back to a social life by “decoding attempted handwriting movements from neural
activity in the motor cortex and translating it to text in real time” [2]. New trends
have advanced the use of controlled device performance by an online feedback
control through the direct interaction of sensors and monitors. With Artificial
Intelligence (AI) techniques, information on sicknesses of global patient cohorts is
stored, collected and interpreted as big data. Paralleled epidemiological investiga-
tions allow for the prediction of diseases now and in the future, which will possibly
allow to predict the needs of medical devices, their properties and performances in
times to come.



2 The Role of the Engineer and Technology in Healthcare 19

A promising example stems from the international databank MONDO (Monitor-
ing Dialysis Outcomes across the world [3]). With the retrospective analysis of a
huge cohort of patients on haemodialysis, a close relationship between the rise in
concentration of an indicator for inflammation (C-reactive protein) and subsequent
death could be proven. This allows to ask the question, whether the kinetics of
inflammatory signals [4] or the control of fluid status [5] in the time course of a
chronic diseases could be influenced by the use of innovative medical devices in
order to avoid or delay premature death. Future investigations and innovations will
certainly guide us towards this direction.

2.1 Medical Devices, Experiences Skills, Customer Needs
and Ethical Impacts

Medical devices and the goal to adapt engineered developments to the individual
needs of patients have a long history. It is based on skills and experiences of
engineers in collaboration with physicians. In an Egyptian tomb, a wooden big toe
prosthesis was discovered which represents possibly the oldest known intravital limb
prosthesis [6]. It belonged to a woman, possibly a princess, who died at the age of
55 around 3000 years ago. The prosthesis was artistically shaped and carved with a
toenail. Recent investigations have further shown, that the wooden prosthesis had
been modified, possibly to be adapted to the specific needs of the female customer.
Later in history, physicians experienced the amputation of lower legs and the
subsequent leg-support by a prosthesis. For instance, the Christian mythology
reports on a leg amputation on a white patient and its replacement by the leg of a
black person. The protagonists in charge had been the courageous holy saints
Cosmas and Damian [7]. However, to be unconventional and not keeping with the
times, their expert behaviour represented a risk of death for such surgeons. Mythol-
ogy tells us that they have been decapitated later.

Medical therapies have never been for free. A woodcarving from the year 1517,
showing the amputation of a lower leg by a barber surgeon, reveals that the operation
was controlled by a supervisor standing next, who hold out his hand for a timely
compensation [8].

To date bioengineers in charge of developing a medical device may profit from
the past and consider those experiences on technology, customer needs, ethical
behaviour and cost. These basic conditions have not changed until to date. Despite
being sick, the patient remains to be a customer, who is entitled to request excellent
performance, reliability and reproducibility of medical devices (MDs) to be provided
by the bioengineer. Thus, the knowledge of an engineer in the MD realm has to be
very wide as the medical device technology is interdisciplinary. A whole lot of
science disciplines are involved here, such as chemistry (polymers), physics
(mechanical and electrical, flow pattern of liquids), biology and microbiology
(behaviour of cells and tissue), medicine (physiology and treatment modes), hygiene
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Fig. 2.2 Bioengineers, who develop medical devices, have to be universally engaged in getting
knowledge in all disciplines of natural sciences and the determining bystander conditions (lower
panel). When being incompetent in one or the other field, a collaboration with suitable specialists is
mandatory. A cooperation between academic and industrial institutions has proven beneficial for
both parties in many situations and has led to a win-win situation. (©: the author)

(microbial contamination and sterilization), clinical trial experience, certification and
approval, managerial skills, as well as an experience in economics, marketing and
sales (customer relationship). These requirements look highly universal and a
bioengineer in charge of medical device development has to cope with it. Given
that this is not achievable for all disciplines, a close collaboration between specialists
in different realms will come out successful and include the cooperation between
industrial and academic institutions. Therefore, medical device technology is both,
interdisciplinary and intercommunicative. Bioengineers, who develop medical
devices, are thus also mediators between the above-mentioned disciplines. Figure 2.2
depicts these bioengineering realms (upper panel), developmental chains (centre)
and the determining bystander conditions.

2.2 Challenging Issues for Engineers: Reliability of Medical
Device Testing

The current market for medical devices is a global business. The involved industry
represents not only national interests but has also to face international regulations.
No wonder, that customers and patients have to be addressed under varying global
aspects. It implies that a “standard customer” or a “standard patient” to whom
medical devices are delivered and administrated does not exist. Local conditions,
ethnic peculiarities or genealogic facts have to be taken into account, when medical
devices are conceived, developed and marketed. New concepts for the application of
medical devices are based on the principle of “pay-for-performance”. The capability
to measure the corresponding performances thus becomes the number one
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requirement. A commonly expressed statement indicates accordingly: “You can
only control, what you can measure!” During both research and development of
medical devices, as well as during clinical trials for approval, the performance of an
instrument and its components (polymers, glues, paintings, codes) have to be
assessed under bystander conditions in order to cope with the peculiarities related
to age, gender, different ethnics and varying genetical factors. It is interesting to
mention in this context that many authors of scientific publications on clinical trials
in the USA discriminate between Blacks, Hispanics and Whites. Obviously, such a
differentiation is necessary to explain variable results between such cohorts.

2.2.1 The Problem

“Methodology is everything and the devil is in the details!” is a remark of Paul
Simmons, the past president of the International Society for Stem Cell Research, in
an article in Nature Magazine [9]. P. Simmons refers here to current problems related
to the reproducibility of data in stem cell research. Do we have to consider similar
thoughts, when speaking about medical devices and their reproducibility? We
should not anticipate fraud or manipulation, when data or analyses on the perfor-
mance of comparable medical devices which are available in the public literature or
in scientific publications, differ considerably. In addition, and to the surprise of
precisely thinking engineers, evaluations from in vivo comparisons of medical
devices or other products in life sciences show standard deviations of up to 100%.
This is by far higher than comparable results from common engineering investiga-
tions. Obviously, in life sciences impact factors, such as the specific role of an
individual patient, the day time of measurement, comorbidities and medication play
a determining role. Decisions to be taken by engineers during the time course of
developing a medical device have to take these observations into account. Recently
and in this context, the allegoric term “Death Valley” was introduced into the field of
medical device technology. The term is understood to paraphrase the huge discrep-
ancy between published results from either academic or industrial research.

A medical device must be competitive, functional and reliable. These attributes
are usually targeted in preclinical and clinical trials. A low reproducibility and a lack
of safety of recently developed medical devices in preclinical investigations corre-
sponds to unfavourable high economic losses, a delayed way to market and a loss of
reputation. One of the underlying motives of the new European Medical Device
Regulation (MDR) “Better safe than sorry!” reflects the responsibility of engineers to
achieve these goals. On the other hand, products originating from academic research
and described in scientific publications do not necessarily have to cope with these
regulations, as long as they have not been approved. An analysis of scientific articles,
which has been published in the journal PLoS Biology in 2015, shows that about
50% of published scientific data on medicinal products are not reproducible. As a
consequence, economic losses in the referred medical industry added up to 28 billion
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US-$. In addition, affected patients were highly disappointed about non-available
medical devices [10].

2.2.2 Reasons and Explanations

The above considerations influence decision makers especially in the early phase of
medical device development. What can be done to overcome these headache-like
situation? A series of factors play a role which have to be identified and compensated
by knowledge and both quality and perfection of analytical test systems. For
instance, blood/tissue/material- or blood/tissue/ device-interaction play a consider-
able role during tests of device performance, e.g. when comparing samples from
young or elderly persons. In addition, the purity of raw materials, the stability of
polymer blends deriving from different sources, packaging materials and the type of
device sterilization cannot be neglected. In addition, in vitro testing of materials and
devices in the early phase of development is usually performed with blood from
healthy donors. The quality of such a liquid for testing depends on the type of donor,
his age, gender, possible pre-existing illnesses, circadian influences of blood draw-
ing, and the actual nutrition and medication. For instance, a fatty meal on the evening
before donation or the intake of Aspirin affects blood behaviour and test results
considerably. As a consequence, standardization of test procedures is a conditio sine
qua non and knowledge of possible pitfalls, as well as a careful documentation of
results, including the hour of experiment completion, is absolutely necessary. The
precise selection of tests, as recommended in ISO 10993-4 [11], may help the
engineer to be on the safe side for drawing conclusions on performance of materials
and devices.

2.2.3 Boundary Conditions for Optimal Testing

Some examples may further illustrate the above statements.

1. The adhesion of platelets to material or device surfaces depends on the respective
temperature. This is not surprising. However, differences can be observed, when
polymers of varying composition are submitted to experiments and measure-
ments under either room temperature (22 °C) or body temperature (37 °C).
Current observations in in vitro experiments have not shown yet any differences
[12]; however, in vivo analyses are still pending.

2. It is common practice to test with healthy donor blood, whereas the upcoming
clinical application will happen under pathological conditions. As an example,
the performance of blood varies considerably when exposed to different shear
rates or when in contact with different polymers during perfusion experiments. In
detail, blood when donated by diabetic patients, patients with coronary artery
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disease or healthy donors shows different levels of fibrinogen or other peptides.
This may serve as an explanation for this observation [13].

3. Recent results have shown that platelet derived microparticles (PMPs) emerged
as a novel regulator of vascular dysfunction. PMPs are extracellular vesicles
released from activated platelets and are found to be widely deposited in
podocytes of glomeruli both in diabetic patients and animal models. Their
presence is closely associated with the progression of diabetic nephropathy
[14]. PMPs are also defined as “micro-vesicles” and contain mRNA and could
be thus also applied for medical therapies [15]. Given that PMPs of different
patients are generated by the interaction of platelets with devices during perfusion
of blood, clinical sequelae—in a positive or negative way—can be expected also
during in vivo application. With a pre-emptive analysis of donor blood, conse-
quences of blood/material/device interaction could be understood and interpreta-
tions for an engineer made easier.

2.2.4 Conclusion on Testing

The statement “Who cures is right!” should be replaced by “Who measures is right!”
during research and development of medical devices. Preclinical in vitro and clinical
in vivo test-experiments require a stringent standardization [16]. When using blood
as a solution for test-experiments, specific properties of donors, or animals either
healthy or sick, should be taken into account [17].

2.3 Challenging Issues for Engineers: Medical Devices
and Extractables

“Blood is a very peculiar liquid”, stated Mephisto to Faust in the novel “Faust” by
the German writer Johann Wolfgang von Goethe. Indeed, blood, which contains
electrolytes, enzymes, lipids and proteins apart from water, is capable of extracting
leachables from polymers or medical devices in a highly efficient manner. Conse-
quently, biomaterial testing should always examine extraction capacity with the help
of appropriate extraction media. One reason for the occurrence of extractables is a
shift to a broader molecular weight (MW) distribution during polymer synthesis
(Fig. 2.3). Broader MW-distributions give rise to a higher susceptibility of the
resulting polymer for extractables.

Polymer ageing adds to the source of extractables as well as the degradation of
some polymers in a wet atmosphere or after some sterilization procedures. Medical
devices undergo degradation processes given that they are implanted for a long-term
period in the human body. This also holds true for those chronic patients who are
treated by extracorporeal blood purification systems, such as haemodialysis. Here,
medical devices are chronically exposed to blood, serum or interstitial liquids that
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Fig. 2.3 Molecular weight distribution of a polymer before and after the chemical reaction assessed
by gel permeation chromatography (GPC) analysis. A wider molecular weight distribution (left)
gives rise to a higher level of extractable oligomers. (©: the author)

provoke polymers to be degraded, saponified in the case of ester compounds or
promote the release of spallation particles as observed in the case of silicon tubing.
During the development of new medical devices, engineers should thus focus on
possible degradation products that may be released from polymeric material into
body tissue, blood or organs to avoid long-term complications.

2.3.1 How are Extractables Defined?

Extractables are chemicals that are generated under exaggerated temperature and
time conditions in the presence of an appropriate solvent. Leachables are chemicals
that migrate spontaneously from a container-closure system (e.g. blister), from
packaging components and/or from processing equipment under recommended or
routine conditions of use and storage. Leachables are often a subset of extractables.

Adbverse clinical reactions initiated by extractables are not exclusively found after
the exposure of polymers to human blood or tissue. Even metallic devices, which are
generally considered to behave neutrally, are able to provoke adverse clinical
reactions as shown by the following example.

2.3.2 Case Report on an Artificial Hip

A year and longer lasted the problems of a patient, when his physicians discovered a
cobalt intoxication originating from a previously implanted artificial hip. The patient
suffered from severe heart failure and both fever with unknown origin and enlarged
lymph nodes. A careful anamnesis revealed that the patient’s ceramic-on-ceramic
hip prosthesis had been replaced by a metal-on-polyethylene prosthesis around
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15 months before. Laboratory analyses showed a nearly 1000-fold increase in the
concentration of cobalt and chromium ions in his blood, combined with some metal
debris at the left-sided hip. Obviously, remaining ceramic particles from his first
prosthesis have destroyed the metal head of the hip replacement [18] and had led to
these deleterious findings.

Chronically sick haemodialysis patients are another cohort, that may suffer from
leachables released into their organism. Dialysis patients are repeatedly exposed to
an extracorporeal blood circuit that is made up from tubing, syringes and filters for
many years. By this means, extractable materials may accumulate in the body of
these patients and induce adverse clinical effects. In recent years, this treatment has
reached perfection by using pure raw materials, avoiding the release of components
from medical devices, e.g. a special type of plasticizer. However, it can be expected
that effects based on extractables will increase in number, given the rise in the
number of dialysis patients in recent years. For instance, in Japan more than 25,000
patients are currently undergoing this therapy already for more than 20 years
[19]. Thus, leachables originating from the dialysis system, in particular from poly-
mers in the extracorporeal blood circuit are now a matter of interest.

2.3.3 Observations from Experiences on Haemodialysis
Treatments

The extracorporeal blood circuit used for dialysis therapy is engineered from poly-
mers representative for most medical devices, such as polycarbonate, silicone,
polypropylene (PP), polysulphone (PSu) and polyurethane (PUR). During medical
application, these polymers are exposed to body liquids, such as plasma or whole
blood. Apart from blood cells, both, human and animal blood contains water,
electrolytes, proteins, hormones, and enzymes (Table 2.1). Due to these compounds,
both, “blood plasma” or “whole blood” are able to wet any biomaterial independent
of its chemical composition, whether hydrophilic, hydrophobic or with an amphi-
philic domain-like surface. Blood in contact with biomaterials offers an ideal
chemical environment for extracting substances from bulk polymers,
e.g. oligomers or biodegradable compounds. Body liquids possess ideal solvent-
like properties. As a consequence, leachables may accumulate in the body, in
particular in the body of long-term chronically exposed patients.

In its revised edition from 2009, ISO 10993-1 recommends to consider extract-
ables and degradation products during the biological evaluation process of medical
devices [20]. Problems arise, however, how to simulate the extractive capacity of
blood? ISO 10993-12 (Art 4) provides the answer: “the solvent selected as
extractants shall: (a) be suitable for use in the specific biological test system;
(b) simulate the extraction which occurs during clinical use of the device and/or
(c) maximize the amount of the extract”.
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Table 2.1 Blood is composed of plasma and cells

Plasma (> 1300 com- Blood cells
pounds) 1. Erythrocytes (red blood cells, 4-5 x 10'%/L)
1. Proteins (8%) 2. Thrombocytes (platelets, 150-380 x 109/L)
Among others: 3. Leukocytes (white blood cells, 68 X 109/L)
— Albumin (50%) (T-cells, B-cells, granulocytes, polymorphonuclear cells, eosino-
— Immunoglobulins phils, macrophages, monocytes, killer-cells)

(antibodies, 35%)
— Fibrinogen (5%)

2. Water
3. Inorganic salts; electro-
lytes
4. Further compounds

Hormones, fat, carbohy-
drates, enzymes

Plasma contains water and fat, electrolytes, carbohydrates, proteins and enzymes. This composition
allows for wetting surfaces of all biomaterials and devices, independent of their chemical compo-
sition, either hydrophilic or hydrophobic. Blood and other body liquids are perfect media to provoke
the extraction of any loosely bound material or polymeric contaminants

The following media for extraction are suggested and one per type should be
subsequently and not exclusively used in an extraction experiment:

1. Polar solutions (water, saline (0.9% NaCl in water), culture media without
serum).

2. Unpolar solutions (vegetable oil, e.g. Sesame oil).

3. Additionally: polyethylene glycol (PEG 400), dimethyl sulphoxide (DMSO),
culture media with serum, alcohol/water mixtures.

Experiences in my laboratory have shown that mixtures of 20/100% EtOH/H,0
provide optimal results when a transparent solution is needed to simulate the
behaviour of blood.

Further, a practical guide and scheme for testing medical devices is provided in
ISO 10993-17 [21]. Allowable limits for leachable substances in biomaterials are
addressed in ISO 10993-12 [22].

2.3.4 Examples for Adverse Clinical Effects in Patients

Already in the 1980s, leachable ethylene-oxide (ETO) after gas-sterilization of
medical devices, provoked severe allergic reactions in hypersensitive patients.
Physicians defined these reactions as a “first-use syndrome”, because they
disappeared either after a careful rinsing or after re-use of the device. ISO 10993-7
refers to maximum allowable ETO-residuals [23]. Further, some compounds, such
as the plasticizer Bis(2-ethylhexyl)-phthalate (DEHP) or residuals from polycarbon-
ate (PC), polysulphone (PSu) or some resins, such as Bisphenol A (BPA) or
Bisphenol S (BPS) may interact with hormone receptors at the surface of biological
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cells. By this means hormone-like signals are induced after the leaching of BPA and
BPS from medical device polymers. Although DEHP and the bisphenols are not
hormones, they are called “exogenous hormones” or “endocrine disruptors” due to
their hormone-like capacity to bind also to hormone receptors. According to the EU,
DEHP meets the criteria for classification as toxic for reproduction (category 1B) in
accordance with regulation (EC) Nr. 1272/2008 and should thus not be present in
medical devices applied to adolescents and breast-feeding women, among
others [24].

Leachables may also be found to occur during the ageing process of polymers.
This is a further argument in favour of an expiry date for medical devices. Scientists
from the US Centers for Disease Control, Prevention and Radiological Health
(CDC) reported in 2000 [25] that a severe and unusual outbreak of serious neuro-
logical signs and symptoms occurred in 5 out of 7 patients in association with the use
of 10-year-old dialysers with passed expiry dates. All patients exposed to these filters
developed an acute onset of diminished vision and hearing. Four case patients never
recovered. The authors explained these findings with material degradation of the
cellulose-acetate polymer, as the average molecular weight decreased from 40,000 to
30,000 in the dialysers tested and referred to either de-acetylation (saponification) or
chain scission of the polymer [25].

To the surprise of many medical device manufacturers, even quality management
measures, if not carefully prepared, may result in fatal incidences. As reported in a
series of publications in 2001 and 2002, 23 dialysis patients died in Croatia as a
consequence of the repair of a medical device (dialysis filter) in the production
process realized with a performance test for leaky capillary membranes: the test was
performed with the help of a perfluorocarbon-5070 liquid [26]. Residual amounts of
PF5070 stayed in the filter and were rinsed out by the perfusing blood during the
subsequent dialysis therapy. PF5070 slowly accumulated in heart and lungs of the
patients where it caused their death several hours later by foam formation.

2.3.5 Conclusion on Extractables

Leachables and extractables from polymers, biomaterials and medical devices
should be carefully assessed, once they are exposed to body liquids in long-term
clinical application. Associated adverse events may lead to severe allergic reactions
or even fatal consequences. The amount of residual extractables in medical devices
should, thus, be kept as low as possible. Open questions, however, still remain to be
answered, e.g. what are the threshold levels for leachables below which no adverse
events can be detected? Or: “How to control the release of leachables in long-term
chronic patients?” As long as these questions remain open, careful clinical observa-
tions and a detailed understanding of the underlying mechanisms is mandatory.
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2.4 Challenging Issues for Engineers: Medical Devices
and Biocompatibility

Bioengineers in charge of medical development have to be familiar with device
properties in terms of biocompatibility pattern, because devices in contact with body
structures may provoke physiological reactions. Surface reactivity and intrinsic
properties of biomaterials and devices determine device- or material-
biocompatibility. However, the term “biocompatibility”” has turned out to become
a buzzword and is used in many cases without any detailed background information
on the type of device, its composition and clinical application. It is reasonable to cite
here the definition of the European Society for Biomaterials from 1993 to have a
closer insight:

“Biocompatibility is the ability of a material to perform with an appropriate host response in
a specific application”.

Consequently, biocompatibility pattern of a device cannot be generalized. These
characteristics depend on the type of device, its specific application and even on the
very disease or situation of a patient. When therefore reporting on the biocompati-
bility of a medical device, careful distinctions have to be made whilst avoiding a
“generally speaking”. In addition, controversies have come up how to define inter-
actions between body liquids and materials/devices. ISO 10993-4 from 2009 [27]
reflects about classification of interactions, such as:

Interactions which mainly affect the device and which may or may not have an undesirable
effect on the subject as follows:

1. Adsorption of plasma proteins, lipids, calcium or other substances from the blood onto
the surface of the device, or absorption of such substances into the device.

2. Adhesion of platelets, leukocytes, or erythrocytes onto the surface of the device, or
adsorption of their components into the device.

3. Formation of a pseudointima or tissue capsule on the surface of the device.

4. Alterations in mechanical and other properties of the device.

It is still a matter of debate, whether interactions may or may not have an
undesirable effect. The authors understanding is that biocompatibility assessments
should be done as close as possible to the intended clinical application, and there-
fore, biocompatibility pattern should describe preferentially “undesirable effects”.

Investigative research has identified many factors for the assessment of biocom-
patibility. However, no clear-cut conclusion has been derived which of these factors
would yield the most reproducible results. A short overview, provided in Fig. 2.4,
shows that we have to discriminate three main areas, such as inflammation, allergy
and immune system and coagulation.

In addition, Table 2.2 provides examples of medical devices and their specific
characterization in terms of biocompatibility testing.

It is the intention of many investigators to obtain an overall score when assessing
biomaterials or medical devices. A score could be a compromise for a fast charac-
terization and help decision-making. Such a score has been recently developed [28].
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Fig. 2.4 Three main areas should be applied for the characterization and assessment of biocom-
patibility pattern of a material or a device: Inflammatory processes (Interleukin 1, IL-1, Interleukin
6, IL-6, and Tumour Necrosis Factor, TNF), vasoactive factors (Prostaglandin E,, PGE,) and
allergy, as well as the activation of both the immune system and the coagulation cascade. Factors
representing the plasmatic immune system, i.e. the Complement System: C3a, C5a, TCC. (©: the
author)

Table 2.2 Proposed features for biocompatibility testing of specific medical devices

Complement
Device examples Thrombosis | Coagulation | Platelets | Haematology | system

Atherectomy devices x*

Blood monitors X x?

Blood storage and X X x?
blood collection

devices, extension sets
ECMO and HD X X X X X
systems

Percutaneous systems

Catheters, guidewires, X X X
endoscopes, intravas-
cular ultrasound, laser
systems

Cell savers

Devices for adsorption X X X
of specific substances
from blood

Donor and therapeutic X X X X
Apheresis equipment

Adapted from [27]
“Haemolysis testing only




30 J. Vienken

In the following those biocompatibility aspects of biomaterials which provoke
clinical consequences are described in short.

2.4.1 Thrombogenicity and Blood Coagulation

Artificial surfaces are able to stimulate platelet activation and the coagulation
cascade. Modern polymers/biomaterials exhibit a considerably reduced
thrombogenic potential. Apart from chemical polymeric properties, the geometric
design of flow paths, e.g. in capillary membranes or small flexible tubes and a
possible contact of blood with air bubbles may affect coagulation pathways and
lead to the formation of blood clots. Haemoconcentration, as observed after filtration
processes, like in haemodialysis or in plasmapheresis, may further lead to the
formation of blood clots. The best advanced parameter for assessing coagulation is
the analysis of the Thrombin-Antithrombin III Complex (TAT).

2.4.2 Stimulation of the Inmune System
(Complement- and Cell-Activation)

Complement activation represents the classical parameters of biomaterial
bioincompatibility. Its alternative pathway depends on the presence of nucleophilic
surface moieties. Complement activation by biomaterials or surfaces depends on
their surface chemistry. For instance, the presence of hydroxyl-groups (OH-groups)
on a materials surface leads to an ester binding of the complement protein C3b,
which initiates the autocatalytic alternate pathway of the complement cascade. A
chemical modification of biomaterial surfaces through the substitution, of such
hydroxyl-groups, by ester or ether groups prevents complement activation. Adverse
events are mainly seen, when complement activation is twinned with the presence of
endotoxins from bacterial cell walls. Here, cytokines are released in a synergistic
manner from white blood cells (cell-activation), which may lead to inflammatory
reactions.

2.4.3 Hypersensitivity Reactions

Allergic reactions are frequently observed in those patients, who have been in
contact with residuals of the sterilizing agent ethylene-oxide (ETO). ETO is bound
spontaneously to the blood protein albumin. Due to its then higher molecular weight,
ETO provokes the formation of IgE-antibodies, which are responsible for the
majority of seen hypersensitivity reactions. Biomaterials such as polyurethane
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(PUR) and poly-methyl-methacrylate (PMMA) store ETO in their bulk structure and
show a slow-release pattern. Apart from ETO, polymer extractables (e.g. oligomers)
or other compounds from medical devices used in extracorporeal blood purification
systems [29] are eluted with the help of blood and may induce hypersensitivity- or
adverse reactions, as observed with cellulose extracts (1.4-B-glucans),
perfluorocarbons, isocyanates from PURs, or plasticizers. It is still a matter of
controversy, whether these compounds are able to induce acute effects in humans
or not. Clinical consequences in chronically treated patients, such as those treated
with haemodialysis, however, have to be seriously considered.

2.4.4 Haemodynamic and Vasoactive Effects

Surfaces bearing negative charges of a defined charge-density stimulate the “contact
phase” of coagulation. As a consequence, the vasodilator bradykinin is formed
and—if not degraded by ACE (angiotensin-converting enzyme)—severe blood
pressure drops are observed. This happens mainly in those patients, who are treated
by ACE-inhibitors. Some polymers made from either polyacrylonitrile-blends or
dextran-sulphate show these effects and have exerted fatal incidences in many
patients treated by haemodialysis or apheresis [30, 31]. Similar observations can
be made during reprocessing of medical devices, when oxidation of adsorbed pro-
teins give rise to the formation of negative charges of a defined density at material
surfaces.

2.4.5 Conclusion on Biocompatibility

Biocompatibility pattern have to be analysed systematically. They refer to all
components of a device, such as polymers and their blends, the geometry and
stability of a device itself under storage or during clinical application and last but
not least to treatment modality and the specific situation of a patient (Fig. 2.5). It is
possible to adapt the polymer composition of modern biomaterials in such a way that
adverse patient reactions can be excluded or at least be minimized. This is the
consequence of a better understanding of the underlying mechanisms of blood
material interaction. In addition, both, smart geometries and design of biomaterials
and avoiding sterilization with ethylene oxide gas through steam sterilization are the
strategies for further biomaterial development [32, 33].

Biocompatibility pattern has to be analysed systematically. They refer to all
components of a device, such as polymers and their blends, the geometry and
stability of a device itself under storage or during clinical application and last but
not least to treatment modality and the specific situation of a patient. This is an ideal
example for the application of a system approach in medical device development.
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Fig. 2.5 Biocompatibility pattern has to be analysed systematically. They refer to all components
of a device, such as polymers and their blends, the geometry and stability of a device itself under
storage or during clinical application and last but not least to treatment modality and the specific
situation of a patient. (O: the author)@

Conclusion

The engineer in charge with developing, producing and marketing of medical
devices has to be a specialist in many interdisciplinary realms, ranging from natural
sciences and engineering to finances and ethics. This requires both curiosity, knowl-
edge and the capability of finding compromises in terms of cost and time. Current
main issues represent the following questions: (1) “How to test a device ade-
quately?” (2) How to cope and avoid extractables from polymers and medical
devices? (3) How to achieve a reasonable biocompatibility? A good understanding
of physiological processes in the body of the human being helps to answer these
questions during conception, research and development of devices for medical
application. Last but not least, the bioengineer has to be communicative, because
many questions can only be answered in a cooperation between scientists and
engineers from both academia and industry.

Take Home Message

— The interdisciplinarity and continuously innovative field of medical device
technology requires extended knowledge of the engineers in charge of
developing such devices.

— Development of devices needs to apply adequate and standardized testing
procedure not neglecting the special physiological properties of a sick
patient.

— Extractables from materials and devices play an important role in safety and
stability considerations of medical devices.

— Biocompatibility of materials and devices directly affects the patient’s well-
being.

— A close cooperation and communication between academia and industry
helps to answer unsolved questions.
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Chapter 3 )
Essentials of Innovation Theory for Medical <o
Devices

Ulrike Loschner and Steffen FleBa

Abstract Even brilliant medical devices will not become successful on the market
unless its associated innovations have overcome a number of barriers. In particular in
healthcare, new medical devices have to be approved by recognized authorities and
financed by interested stakeholders. Thus, planning, implementing and controlling
the innovation process, from the early idea to the market introduction, is a prereq-
uisite of a successful product life cycle. The knowledge of the different types of
innovation processes and the respective barriers for a successful implementation
supports decision-makers to overcome these barriers.

Introduction

Even brilliant medical devices will not become successful on the market unless its
associated innovations have overcome a number of barriers. In particular in
healthcare, new medical devices have to be approved by recognized authorities
and financed by interested stakeholders. Thus, planning, implementing and control-
ling the innovation process, from the early idea to the market introduction, is a
prerequisite of a successful product life cycle. The knowledge of the different types
of innovation processes and the respective barriers for a successful implementation
supports decision-makers to overcome these barriers.

3.1 Healthcare Innovation

3.1.1 Presentation of the Problem

Healthcare systems are characterized by a constant change. For one, this relates to
the legal framework that shapes the market as well as the variety of the healthcare
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providers and the services they offer. The challenges for a society can be faced by
innovative healthcare products, treatment options and care concepts [1].

Innovation is a very broad term which is not defined explicitly in literature [1]. The
widely accepted definition by Schumpeter describes innovation as any change in
methods of production, manufacturing of new products, corporate structure or entering
a new market. Building on this, the definition by Vahs and Brem applies more
specifically to novelties in the healthcare sector. It states that innovation is the initial
commercial implementation of a new idea as well as the economic optimization of
knowledge utilization [2]. According to that, a narrower definition of innovation
concemns the successful introduction into the market. In a broader sense, innovation
describes the remaining of an invention in the designated market in the long term. In
this context, it is necessary to distinguish between the terms invention and innovation.
The former merely includes the generation of an idea as well as the first technical
realization thereof (e.g. a prototype) [3]. The latter term refers to the more compre-
hensive process starting with generating ideas and ending with the successful accep-
tance by potential users (adoption) [4]. Inventions are called innovations as soon as
they are adopted by the majority of all concerned elements within a system [5].

The healthcare system is shaped by several specific characteristics. For one, the
entry into this sector is strictly regulated. Every medical device introduced to the
European market currently requires a so-called Conformité Européenne (CE) marking.
By this, the manufacturer proves that his product meets the legal standards concerning
safety, performance and benefits as well as monitoring of the entire product life cycle
[6]. Financing innovative products and services in the healthcare sector is directly
linked to this. In case of the German healthcare market, it becomes apparent that only
those innovations can persist in the market that can be reimbursed by the statutory
health insurance (SHI). New drugs, for example, must prove an additional benefit to
the patient compared to existing options of therapy in order to be reimbursed by the
statutory health funds (Art. 1 Abs. 5 Arzneimittelmarktneuordnungsgesetz, i.e. Law
for the market rearrangement of medicinal products). Only in this way, pharmaceuti-
cals can reach a broad application in the long term. Alternatively, they are suitable only
for the markets of privately insured and the self-payers, which are considerably smaller
and heavily influenced by decisions of the SHI [7].

In addition, the healthcare economy is characterized by numerous groups of
stakeholders. This sector does not show a simple seller—buyer relationship, as is
often the case in the private sector. In most cases, the patient is not the direct client,
but much rather physicians, therapists as well as the management of hospitals have a
considerable influence on the implementation of certain treatment concepts. Other
important stakeholders in the health economy are researchers and developers,
companies of the industries of pharmaceuticals and medical technologies, the before
mentioned statutory and private health insurances, state and federal governments as
well as relatives of patients and the society as a whole [8]. The coordination of partly
diverting interests of those groups and the use of appropriate communication
methods is a crucial factor in this sector. It must also be mentioned that the healthcare
sector in many countries comprises many small, mainly regionally operating orga-
nizations, research facilities and hospitals [7, 9].
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In general, different types of innovation can be distinguished. A differentiation
between micro-, meso- and macro-innovations can be made [10]. Innovations on a
micro level are merely changes of a few system elements [11]. In healthcare, this
essentially means novelties that directly affect the diagnosis and treatment of
patients. As soon as additional stakeholders than the ones involved in the physician—
patient relation are concerned and adaptions to the structural organization of the
healthcare system are necessary, it is considered a meso-innovation [10, 11]. Macro-
innovations have extensive consequences on the legal framework as well as values
of society as a whole [10]. Regarding this distinction, it becomes eminent that the
chance of adoption of a micro-innovation, compared to innovations in the macro
level, is significantly higher [11].

Based on this, novelties can be differentiated according to the type of service
offered. Table 3.1 shows those categories that are of special importance with regard
to the healthcare sector.

Table 3.1 Categorization of healthcare innovations

Product Description: This type of innovation is characterized by an increase in benefit
innovations compared to existing goods and competing products [12]

Goal: The main goal of this type of innovation is the augmented effectiveness
the user achieves [1]. Additionally, an advantage in cost-benefit ratio over
competitive products can be achieved [13]

Healthcare Sector: Examples in the healthcare sector are novel drugs, medical
devices and combination products

Service Description: This category can be understood as a subgroup of product
innovations innovations based on a service as an immaterial good [13]. Service innovations
are defined as novel, intangible, heterogeneous and non-storable goods [1]

Goal: Comparable to the goals of product innovations, mainly improvement in
benefits for customers and achieving leadership position in the relevant market
[13]

Healthcare Sector: Service innovations of special significance in the
healthcare sector due to the fact that producing and providing a service, for the
most part, takes place at the same time and in the same place, requiring the
presence of the recipient of a service [14]. Typical healthcare related examples
are alternative methods of diagnosis and treatment

Process Description: These innovations are defined as significant changes in the
innovations process of production as well as in service provision [2]

Goal: Increasing efficiency as well as promoting productivity and cost-
effectiveness is in the focus of process innovations [13]

Healthcare Sector: This comprises for example the introduction of quality
management systems or standard operating procedures (SOPs)

System Description: Novelties of an organizational nature characterize system inno-
innovations vations, meaning remarkable changes of the current system that have effects on
a large number of its elements [1]

Goal: More efficient allocation of scarce resources and thereby creating a
sustainable system

Healthcare Sector: In a healthcare setting, this refers to alterations not only
with regard to the organization of a healthcare system as a whole, but also
within a region or a single hospital
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The underlying problem of innovations in a healthcare setting is their adoption,
meaning their translation into the system as part of a standard approach to treating an
illness. Improved clinical results, as well as a higher patient benefit, combined with
an increase in cost efficiency compared to the current standard of treatment, are
crucial criteria for the acceptance of a healthcare innovation [15]. Improved clinical
results are measured by a reduction in mortality, reduced rates of rehospitalization
and a shorter length of stay in hospitals [7]. From the perspective of the patient, the
most feasible and therefore most relevant results of a treatment are improvements of
their specific and overall state of health combined with an increase in the health-
related quality of life (QoL).

The adoption of an innovation is a highly complex and multi-stepped process
which is mainly shaped by a fair amount of uncertainty regarding the long-term
success of the novelty in the market. Various factors can hinder, slow down or even
prevent the adoption of the innovation altogether. These obstacles are referred to as
innovation barriers [16]. As a result, new concepts of treatment are often broadly
implemented in patient care only years after their actual development (Fig. 3.1).
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Additionally, promoters considerably shape the innovation process. Key people,
who influence the adoption of a novelty in a positive manner and thus promote
innovation, are referred to as promoter [18]. Different types of promoters have
different roles. E. Witte came up with a promoter model that differentiates between
expert promoters and power promoters [18]. The expertise of the former contributes
significantly to overcoming the barrier of lacking know-how [19]. This cannot only
affect the development of an innovation but also its introduction into specific
markets [17]. Contrary to that, the power promoter helps to overcome the barrier
of unwillingness. This type of promoter makes essential decisions regarding alloca-
tion of available time, financial and human resources and can shape the innovation
process accordingly [1]. Based on this model, further promoters can be identified.
Hauschildt and Chakrabarti added the process promoter whose task is to overcome
administrative barriers [20]. Market entry regulations, for example, are very conse-
quential in the healthcare sector and are thus of principal importance. Additionally to
know-how on administrative regulations, process promoters are often part of intra-
organizational networks and thereby able to connect expert promoters to power
promoters as well as other individuals of importance in the innovation process
[21]. Furthermore, in recent decades the significance of adequate ways of commu-
nication within an organization but also to stakeholders outside the organization has
become more apparent [22]. Especially considering the numerous stakeholders
involved in the healthcare sector, a relationship promoter is of high importance in
order to overcome barriers of lacking or misguided communication between the
organization, customers and other stakeholders [23].

In conclusion, the development and implementation of an innovation is a com-
plex process in which promoters have to overcome several barriers. Therefore, a
structured management approach is a key necessity.

3.1.2 Innovation Management as an Approach to Solution

Successful businesses do not leave the development, introduction to the market and
implementation up to chance but they rather systematically plan, organize and
control the entire process [24]. The necessity for this arises from the scarcity of
resources over all phases of innovation. The objective is to allocate the available
financial, material, personnel and time resources in the most efficient possible way in
order to ensure the remaining in the market in the long run [2]. Innovation manage-
ment is therefore in alignment with the requirements of a novelty and includes tools
of planning, decision-making, organizing and controlling this process. In this con-
text, Vahs and Brem define different core tasks of innovation management [2]:

» Specification of objectives and strategies.

¢ Compliance with these objectives and defined strategies.
 Identification of innovation potentials.

* Consideration of the principle of economic efficiency.
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* Definition of a sustainable research and development programme.

* Development of a controlling system.

e Creation of an innovation-promoting corporate culture and organizational
structure.

* Integration of an IT system over the entire process.

The complexity of innovation management is illustrated by the range of its tasks.
Every single task has a central role in successfully implementing an innovative good
or service. This is of great significance, especially in the healthcare sector, which is
characterized as a network of numerous stakeholders coming from various institu-
tions on different levels of the overall system. In addition, the success of an
innovation substantially depends upon early planning and well-structured commu-
nication between individual stakeholders [9].

3.2 Model of Innovation Adoption
3.2.1 Overview

To support planning activities in the context of innovation management, the visual-
ization of the entire process can be made based on theoretical models. As a basis for
adopting innovations in the healthcare sector, the model according to FleBa can be
applied. Figure 3.2 portrays this general model of health innovation adoption. It
supports the identification of barriers and their influence on the adoption process as
well as the appropriate placement of available instruments in order to overcome
those [25].
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The existence of key persons, so-called promoters as shown in Fig. 3.1, has a
substantial role in the success of a novelty. It should be measured in what way they
influence the development of an innovation, the process of decision-making, the
introduction into the market and all other in between steps and it should also be
estimated how that influence can be channelled in a positive way [1].

The model displays four additional, highly relevant, influencing factors for the
acceptance of an innovative idea. The first one mentioned is the complexity of
decision-making. If there are only a few interest groups concerned by the novelty
and only bilateral relations can be observed, the adoption process is comparatively
simple. The more levels of a system are affected by the introduction of an innova-
tion, the complexity of the decision-making increases as well. Regarding overcom-
ing the barriers concerning this complexity, the expert promoter has a special
significance [14].

The propensity towards innovation of promotors and other stakeholders is a
crucial factor as well. It mainly depends on their respective time preference, indi-
vidual risk preference and the management concept within the organizations
involved. The former is largely explained by the scarceness of resources, especially
financial ones. The volume of available funds for a specific period is limited.
Innovations always mean an investment. Refinancing those for one occurs under
high uncertainty and on the other hand impacts future business periods. Financial
expenditures being invested in research, development and market introduction of
innovative products reduce the volume of funds available for present consumption.
Different people show differing preferences with respect to how much they are
willing to invest in innovation research. The higher the willingness of all stake-
holders for investments of this nature, the higher is their inclination towards inno-
vation. Due to the high uncertainty of success, the promoters’ individual risk
preference is a key factor as well. Risk averse people tend to avoid uncertain
investments. Consequently, people of a risk-taking nature have an encouraging
effect on the innovation process. Additionally, the leadership style within the
organization has an influence on the propensity to innovate. An innovation-
promoting structure has a positive effect on the overall innovation process [1, 2,
7]. The groups of stakeholders have differing goals that they pursue individually.
Those mostly origin from strategies within their respective institution. The individ-
ual goals of all interest groups must be identified, analysed and coordinated in order
to avoid contradicting strategies and thus hindering the adoption of the novelty [9].

Due to the scarcity of resources, financial factors are of high importance. The term
innovation cost includes expenses over the entire innovation process [7],
i.e. expenditures for all sub-processes of research and development as well as
spending on production, market introduction and sales. Throughout the entire
innovation process cost emerge. Financing research and development activities, as
well as determining the sales price and negotiating reimbursement with health
insurers, depend on the level of total cost. The higher the cost of an innovation,
the more challenging the adoption as a standard solution.

In contrast to these factors, which are mainly based on the stakeholders involved
in the innovation process, stands the functionality of the existing standard of
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diagnosis and treatment [14]. The more stable the current system, the less likely the
successful introduction of a novelty. When initial shortcomings of the system are
perceived, the first approach will always be to maintain it as much as possible. By
means of compensating measures, a kind of artificial stability is created, a so-called
meta-stability. Only when these are no longer sufficient, the pressure for finding
alternative solutions becomes more dominant and the probability of adopting an
innovation increases measurably. Thus, the innovation process proves to be risky
and complex so that systematic planning in order to overcome barriers is
necessary [26].

3.2.2 Example of Application: Implant Technology

The general model of the innovation adoption is a holistic approach that can be
extended into a phase model and thereby applied to a specific case. After analysing
the innovation process, the individual results can be integrated into the model.
Innovative implant technology will serve as an example here for the extended
adoption model (see Fig. 3.3).

Developers and manufacturers of innovative implant technology face the same
challenges that become increasingly prominent in other areas of the healthcare
system. Changes in the demographic structure of the population will result in a
continuously altered spectrum of illnesses, i.e. predominantly older, multi-morbid
patients increasingly suffering from chronic-degenerative diseases will imprint upon
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the range of treatment options [27]. To that regard, innovative implant technologies
can contribute to an improvement in patient care [6].

In this context, researchers, developers and manufacturers of novel implant
technology have to adapt to the current and future medical demand and, at the
same time, anticipate and take into account challenges resulting from demographic
developments. A large number of diseases of various organ systems can already be
treated by using implants. Continuous research in the field of implant-based thera-
pies should further improve and sustainably shape the treatment of these patient
groups. The focus of this particular research is on the highest possible quality of life
of the affected patients, even in old age [28, 29].

The model in Fig. 3.3 applies to medically relevant therapeutic concepts using
innovative implant technology. The focus of development is on an improved
approach to treatment compared to existing options. On the one hand, novel implants
are expected to alleviate the burden on the healthcare system of treating illnesses
showing a high prevalence and increasing incidence rates. In addition, implant-based
treatment options are designed to improve the care of elderly, multi-morbid patients.
Communication and cooperation between the numerous parties involved in the
innovation process of implants is a decisive factor for the successful development
and remain in the healthcare market [30]. Groups of stakeholders from different
sectors are involved, either directly or indirectly. Coordinating various interest
groups as well as individual objectives is crucial to the successful translation of an
innovative product idea into practical application. Scientific, medical as well as
economic expertise as well as the use of synergy effects thereof contribute to the
accelerated adoption of innovation in the field of implant technology [28].

The adoption of innovative implants is a highly complex and multileveled
process showing a large number of interdependencies [14]. In practice, the adoption
process does not correspond to a linear path. It can be much rather described as an
adoption cycle with multiple feedback loops [15]. The generation of a product idea
initiates the subsequent steps. Upon successful adoption, the process ends with the
innovative implant being established as part of the standard solution to therapy. Until
finally being introduced to the market, implants pass through several phases of
development. During development, new knowledge in the fields of medicine, bio-
chemistry or engineering can be discovered that might require an early adaptation of
the implant [28]. In this context, the concept of open innovation becomes increas-
ingly relevant. This approach to innovation is defined as opening the innovation
process to system elements that are not directly involved in the development and can
thus significantly increase the potential of a novelty [31]. Additionally to those
feedback loops, the innovation process of implant-based technologies is made up
of numerous partially consecutive, partially overlapping phases; from the idea to
research and implant development, market approval as well as assessment of reim-
bursement to the actual launch.

While the invention phase, referring to the generation of an idea, the product
development and certification of a new implant, primarily represent technical prob-
lems, the latter phases of the innovation process are of an economic nature. They are
shaped by cost-benefit analyses as well as the assessment of key stakeholders’
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willingness to adopt. The initial phases of the portrayed process are, in contrast,
characterized by clinical research, technical implementation as well as proving
safety, reliability and effectiveness of the novel implant product.

The innovation cycle is determined by a number of promoters and inhibitors
[2]. Process promoters are of special importance regarding implant innovation.
Various legal regulations unique to the healthcare sector regulate the market for
medical devices. Additionally, different markets with specific legal frameworks are
attractive to implant manufacturers. These do not only differ with regard to rules on
certification or market approval but also with respect to possible ways of reimburse-
ment and regulation of competition. In this aspect, access to expertise of key people
who are particularly familiar with these processes, is essential. Furthermore, rela-
tionship promoters are to be mentioned, who encourage and guide communication
amongst the stakeholders involved [1, 18, 23].

Product Idea

The development of a product idea requires a stimulus information, curiosity and
expectation of profit to coincide in the same period. This impulse can originate from
another innovation, e.g. building on experience in the therapy of other organ systems
or using novel materials. On the other hand, the influence of clinical deficits, like
insufficiency or inadequacy of available treatment options, demographic changes
associated with increasing case numbers of chronic-degenerative diseases as well as
economic aspects, are displayed [32]. Curiosity and its manifestations in addition to
other individual factors of the researchers strongly depend upon the style of leader-
ship of the respective research institution. An innovation-promoting organizational
structure that combines objective orientation with independence is of particular
value. Besides the early estimation of cost, the expectation of profit is based on
assessing possible future revenues. Other influences on the expected profit are the
patent protection specifications as well as the lifetime of an implant over the product
life cycle. Only the most promising product ideas are transferred to the phase of
technical implementation [33].

Development

The performance of research up to the development of a prototype is a resource- and
time-consuming process [15]. In general, there is a tendency that the time spent in
research and development gets longer and longer while the time left for marketing
opportunities of a product gets shorter and shorter. Consequently, it is highly
important that the prototype is adapted to customer requirements as well as to
legal requirements.
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Certification and Market Approval

The CE-Certification in the European Union as well as the market approval in other
countries (like the United States of America, USA) require clinical trials. Transla-
tional research from small animal models to phase III of clinical testing has a key role
[15]. Tt aims to demonstrate effectiveness, tolerance and safety of an implant,
resulting in a benefit-risk analysis [34]. Also, with regard to the options for reim-
bursement, clinical trials are of high importance. For the planning thereof, informa-
tion on a product’s market opportunities is needed at an early stage. Expected cost is
compared to the benefit of an implant. The resulting cost-benefit ratio, when set
compared to those of alternative therapies, can be used as an indicator for the
possibility of reimbursement through statutory health insurance (SHI). In case of a
negative ratio, an exit strategy can be chosen at an early stage, meaning the
innovation process will be terminated and higher losses are avoided. It is of
significance that the clinical trials follow a goal-oriented process as well as that
leads to the innovation becoming a solution to therapy within the standard care
provision.

An innovative implant mainly reaches market approval based on clinical evidence
on effectiveness and safety. According to German law, a benefit assessment is
currently only obligatory for medical devices of high-risk classification (§ 137 h
SGB V, class III). This only partially applies to implant technology. Considering that
an additional benefit for the patient is the sole reason for long-term success on the
market, an early benefit assessment is essential within applying a management
strategy. The problem here is that financial resources for clinical studies are not
compensated by standard provision of care.

Reimbursement

Of significant importance in the entire adoption process is the possibility of reim-
bursement [7]. Especially in countries where the Social Health Insurance or a
National Health Service covers the majority of the population (e.g. Germany and
Great Britain), only those implant innovations that are reimbursable via the SHI have
a chance of remaining in the market in the long run. In case of an uncertain
reimbursement situation, the subsequent step of actually introducing a product to
the market cannot be taken. Introduction to the market is fairly simple if the novel
product is less expensive but has a similar benefit compared to the existing standard
in therapy, which is already reimbursed by SHI, e.g. the case-based compensation
system of the German Diagnosis Related Groups (G-DRG) [35]. Normally however,
the newly developed implant will be more expensive or it will offer a therapy for a
disease that has not yet been approached with an implant-based way of treatment. In
those cases, a new option of refinancing must be found. The financing of implant
innovations in Germany is highly restrictive, especially with regard to the hospital
market. The first option of reimbursement via SHI is applied by classifying the
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implant as so-called “Neue Untersuchungs- und Behandlungsmethoden (NUB)”,
meaning new methods of diagnosis and treatment. Each hospital using novel
implants has to apply for this individually (In Germany: § 6 Abs. 2 KHEntgG, §
135 Abs. 1 SGB V). After several years of being documented as a NUB remuner-
ation, the product might be included into the standard care catalogue of the German
SHI as an additional service or integrated into an existing DRG. Especially in the
case of high-priced innovative options of treatment, it can take several years until
they are included in the G-DRG catalogue [36]. The transition phase from market
approval to full reimbursement represents another investment process. To ensure that
the product is quickly established in the market, this process must also be thoroughly
planned, guided and controlled [35].

Market Introduction and Idoption

As already shown in the general model of innovation adoption (see Fig. 3.1), the
factors significantly influencing the adoption process are cost, complexity, propen-
sity towards innovation and the self-interest of the promoters [7]. If they are not
analysed early on, they can pose a barrier and hinder the adoption of novel implant
technology. By applying appropriate instruments, these inhibitors can be avoided.
The current situation on the market substantially determines the demand for new
implants. If available treatment options sufficiently meet the medical need and do not
show any clinical deficits, the demand for novel implants will be relatively low. Only
when deficiencies in the current system solution are perceived, the additional benefit
of innovative implant technology becomes apparent compared to other treatment
options.

Feedback Loops

It is obvious that the innovation and transition process of innovative implants is
complex as well as dynamic with a high level of uncertainty that must be managed
strategically [26]. Even in the early stages of generating the product idea and the
technical implementation thereof, the style of leadership and the choosing of an
innovation strategy are highly relevant. At this point, later phases of the adoption
process must already be anticipated, planned and directed. Therefore, numerous
feedback loops are necessary to realize at an early stage whether an implant
innovation will be successful and if not, consequently be excluded from further
development. In this case, the relevant market does not only refer to the domestic one
but to international ones as well. Typical feedback loops within the innovation
process are [37]:

* Continuous flow of information from clinical trials concerning clinical deficits as
well as cost-benefit assessments serving as stimulus for innovative product ideas.
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* Continuous flow of information of cost analyses shaping profit expectations and
distributing to the stimulation of necessary procedural innovation that can
reduce cost.

e Continuous flow of information from the phase of launching a product on
expected cost and profit possibilities.

* Continuous market research providing information on the consumer benefit, in
particular for the generation of product ideas, whereby market research refers
both to preferences of potential as well as actual users.

* Regularly informing product development on financing options of the potentially
marketable product.

* Continuous monitoring of products established on the market in order to detect
clinical deficits, the necessity of clinical studies and the pressure of cost.

Basic Innovations vs. Adaptions

In the adoption process of implant technologies, a distinction must be made between
so-called basic innovations and adaptions. The former refer to novelties presenting
fundamental changes based on innovative technologies [38, 39]. In a healthcare
context, this refers to treatment options for diseases that could not be treated with
implant-based approaches. An example is the cochlear implant that is used in the
inner ear of deaf patients, be it innate or acquired. In case of successful adoption, this
type of innovation passes through all phases displayed in the model, starting from the
product idea until being considered a standard in medicine. In contrast, an adaption,
referring to minor modifications of an existing product, does not necessarily require
retaking the early steps of the innovation process [38]. Often, a re-launch is suffi-
cient, for instance for implants using different materials or implants which can be
used in another field of application.

Conclusion

It can be concluded that better clinical outcomes and improved patient care, coupled
with increased cost-effectiveness compared to the current standard in therapy, are
critical factors for successful adoption of novelties in the healthcare industry. The
model of the innovation adoption is not only applicable to medical technologies and
pharmaceutical products but also to innovative approaches to treatment and even
new concepts of healthcare provision, i.e. setting up a regional cluster
(e.g. “Gesundes Kinzigtal”). The statements made by the portrayed theoretical
innovation model are largely valid concerning most novelties within the health
sector. With the help of specific innovation analyses, many of the sub-elements of
the model can be individually identified and, if necessary, further specified.

The innovation process of new treatment options starts with the very first stimulus
information to innovate and, with the exception of continuous monitoring, lasts until
the successful diffusion in the market of standard healthcare provision. However,
patient’s access to the innovative concepts of care is often delayed. Barriers imma-
nent over the entire innovation process are the main reason for this. To ensure a
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successful translation, it is essential to raise the awareness of all relevant interested
groups concerning obstacles to adoption.

Figure 3.4 shows the core factors shaping the management of novelties in the field
of healthcare. Innovation management is necessary due to scarcity of resources and
the legal framework of the healthcare sector amongst other factors. The innovation
process is further categorized by the existence of specific inhibitors and promoters.
All processes of planning, controlling, managing and communication are in the
focus of innovation management. Especially, tools of communication are of high
relevance in the healthcare industry because it is shaped by a large number of
stakeholders. One of the core responsibilities of innovation management is the
coordination of partially differing interests during the decision-making processes
around the introduction and application of an innovative concept of healthcare
provision.

The healthcare sector in general is facing a steadily increasing pressure to
innovate. Continuously progressing research and the resulting additional medical
and technical knowledge are only some of the reasons for this development. This
provides many new opportunities for suppliers of healthcare services. The spectrum
of technically feasible treatment methods is widening. On the other hand, the
allocation of ever-scarce financial resources will have a decisive impact on both
research and healthcare provision. Throughout the entire process of research and
development, financing must be ensured, especially in the case of technically and
medically challenging concepts. Investments in futile concepts should be ruled out
as early as possible. Financial resources for reimbursement in the healthcare market
are also limited and will become even scarcer in the future. Merely care concepts and
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therapeutic approaches that greatly benefit large parts of the population will remain
on the market in the end [27].

Demographic change is one of the factors responsible for the scarcity in
resources. Even today, its impact on healthcare is already clearly noticeable. A
change in the spectrum of diseases is the consequence of an ageing population.
The demand for options in diagnosis and therapy that show a positive impact on the
overall health status as well as on the health-related quality of life into old age will
increase. Innovative care concepts that, on the one hand, can counteract the
impending scarcity of qualified personnel, especially in rural areas and, on the
other hand, ensure comprehensive healthcare provision for an ageing society, will
continue to gain importance in the future [15, 27].

This means building a holistic innovation management right from the early
phases is key. For one, this serves to utilize available resources in the most efficient
way possible. On the other hand, it increases the probability of adoption. The
capability of rapidly adopting new concepts of production and being able to adapt
to a changing market is of great importance. These factors contribute to increasing
attractiveness, maintaining competitiveness and ultimately aiming for sustainability
of innovative concepts of care.

Take Home Message

— The development of an innovative product from the first idea to a standard
device or practice is a complex process of different interrelated phases and
requires several feedback loops.

— The successful adoption of an innovation requires different promoters: an
expert promoter overcomes the barrier of “not-knowing”; a hierarchical
promoter defeats the resistance of “not-liking”; a process promoter helps to
reduce the barrier of administration; a relationship promoter is steadily
seeking for innovations.

— Systemic innovation management from the early initiation until the launch
of the new product and finally to a steady process of adaption is a prereq-
uisite of effective and efficient development of new products.

— An early analysis of market chances is the key to successful innovation
development.

— Expected costs and revenues are most important factors influencing the
development process. Cost analysis is crucial even in countries where
regulatory processes do not require them officially, as they are essential
to estimate future return on investment.
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Abstract The term medical device refers to a wide variety of products. They range
from simple low-risk devices such as stethoscopes and syringes, through imaging
device and in vitro diagnostic, up to high-risk biocompatible implants, such as
orthopaedic prostheses and pacemakers.

The number and variety of medical devices are increasing as new software and
hardware applications, new materials and new combination products are developed
and to classify these according to the intended purpose and the different options may
be a difficult task.

The identification of a product as a medical device and the further classification
into classes of risk is the base for the application of the correct regulatory path
worldwide, although differences exist at national level in such classifications.

The development of consistent, harmonized definitions for the terms “medical
device” and “in vitro diagnostic medical device” would offer significant benefits to
the manufacturer, user, patient and to regulatory authorities. This can also support
the global convergence of regulatory systems.

This chapter aims to give a comprehensive description of the different regulations
concerning the medical devices worldwide with special reference to the EU Medical
Device Directive. The role and importance of the technical standards are also
described.

Introduction
More than 20,000 types of medical devices now exist. They range from simple
low-risk devices such as stethoscopes and syringes, through imaging device and
in vitro diagnostic, up to high-risk biocompatible implants, such as orthopaedic
prostheses and pacemakers.

The number and variety of medical devices are increasing as new software and
hardware applications, new materials and new combination products are developed
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and to classify these according to the intended purpose and the different options may
be a difficult task.

The identification of a product as a medical device and the further classification
into classes of risk is the base for the application of the correct regulatory path
worldwide, although differences exist at national level in such classifications.

The development of consistent, harmonized definitions for the terms “medical
device” and “in vitro diagnostic medical device” would offer significant benefits to
the manufacturer, user, patient or consumer, and to regulatory authorities and
support global convergence of regulatory systems.

An attempt to develop a consistent, harmonized definition for the terms “medical
device”, and an “in vitro diagnostic medical device”, has been carried out by The
Global Harmonization Task Force of the World Health Organization.

The goals of the Global Harmonization Task Force (GHTF) go beyond proposing
definitions, since also include standardizing of nomenclature for defining and nam-
ing innovative technologies, classifying the devices for regulatory approval (regis-
tration) and encouraging convergence in the evolution of regulatory systems for
medical devices in order to facilitate trade whilst preserving the right of participating
members to address the protection of public health by those regulatory means
considered the most suitable. The final goal is to have an international classification,
coding and nomenclature for medical devices that would be accepted and used
worldwide.

4.1 The Medical Device Concept and Classification

The term “medical device” covers a very wide range of products, such as instru-
ments, software and materials (i.e. substances). Although the definitions of medical
device may differ among national legislations, most of the definitions are based upon
two principles:

1. The medical purpose: A medical device is intended to be used to diagnosis,
prevention, monitoring, treatment or alleviation of a disease or injury,

2. The mechanism of action: The principal mechanism of action of a medical device
should not be based on pharmacological, immunological or metabolic
mechanisms.

The medical purpose differentiates medical devices from everyday devices,
whereas the mechanism of action differentiates medical devices from pharmaceutical
products.

The adoption of these two principles is reflected in the definitions proposed in
2012 by the Global Harmonization Task Force:

A medical device is an article, instrument, apparatus or machine (including mobile medical
applications and software) that is intended by manufacturer to be used alone or in
combination in the prevention, diagnosis or treatment of illness or disease, or for detecting,
measuring, restoring, correcting or modifying the structure or function of the body for some
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health purpose. Typically, the purpose of a medical device is not achieved by pharmaco-
logical, immunological or metabolic means.

A subset of medical devices, defined as devices which, whether used alone or in
combination, are intended by the manufacturer for the examination in vitro of specimens
derived from the human body solely or principally to provide information for diagnostic,
monitoring or compatibility purposes. They include reagents, calibrators, control material
and test kits. [1]

The classification of medical devices is a “risk-based” system based on the
vulnerability of the human body taking account of the potential risks associated
with the devices. This approach allows the use of a set of criteria that can be
combined in various ways in order to determine classification, e.g. duration of
contact with the body, degree of invasiveness and local vs. systemic effect. These
criteria, also referred to as “classification rules” have been object of a proposal from
the Global Harmonization Task Force (GHTF) [2]. The proposal of the GHTF
introduces a device classification system consisting of four classes where Class A
represents the lowest hazard and Class D the highest.

Although these proposals have not yet been formally adopted at national levels,
the definitions and classification rules found in the regulatory frameworks of the
major markets (i.e. Europe, United States and Japan) are consistent with the defini-
tions and classification rules laid down by the Global Harmonization Task Force.

4.1.1 Definition of Medical Device in Europe

For the European Market, the definition of medical device was originally given in
Article 2 of the Council Directives 90/385/EEC [3], 93/42/EEC on medical devices
(Medical Device Directive—MDD) [4], and then amended in the Directive 2007/47/
EEC (mostly to include stand-alone software products) [5]. The new released
Regulation 2017/745 on Medical Device (Medical Device Regulation—MDR) [6]
has further modified the definition to include the “in vitro” diagnostic medical
device:

“Medical device” means any instrument, apparatus, appliance, software, implant, reagent,
material or other article intended by the manufacturer to be used, alone or in combination,
for human beings for one or more of the following specific medical purposes:

— diagnosis, prevention, monitoring, prediction, prognosis, treatment or alleviation of
disease,

— diagnosis, monitoring, treatment, alleviation of, or compensation for, an injury or
disability,

— investigation, replacement or modification of the anatomy or of a physiological or
pathological process or state,

— providing information by means of in vitro examination of specimens derived from the
human body, including organ, blood and tissue donations, and which does not achieve its
principal intended action by pharmacological, immunological or metabolic means, in or
on the human body, but which may be assisted in its function by such means.

The following products shall also be deemed to be medical devices:



58 E. Mattei et al.

— devices for the control or support of conception;
— products specifically intended for the cleaning, disinfection or sterilization of devices as
referred to in Article 1(4) and of those referred to in the first paragraph of this point.

Thus, as mentioned above, a product will be considered to fall within the
definition of a medical device if it has a medical purpose and if the product functions
primarily in a way that is not metabolic, immunological or pharmacological. The
determination of whether a product is considered to have a medical purpose will be
based on the intended purpose declared by the manufacturer.

The cases where it is not clear whether a product is a medical device, fall within
the competence of the Competent Authorities of the Member States where the
product is on the market. However, to help in the decision, the European Commis-
sion has published and keeps updated a Manual on Borderline and Classification in
the Community Regulatory Framework for Medical Devices [7].

Once a product meets the criteria to be considered a medical device, a further
distinction between medical device and “in vitro” medical device has to be made.
This distinction has an impact on the regulatory path to be followed for put the
product into the European Union (EU) market.

For a medical device, a further distinction between “Active Implantable Medical
Device” and “Medical Device” has to be made. Finally, for (not-Active Implantable)
medical device a class of risk (I, Is, Im, IIa, IIb or III) has to be assigned. Classifi-
cation rules were laid down in Annex IX of MDD and are now laid down in Annex
VII of MDR. The document “MEDDEV 2. 4/1-classification of medical devices”
provides a practical guide and examples to rule interpretation and application [8]. A
more detailed examination of the risk classes will be given in the following para-
graphs dedicated to regulations and directives.

4.1.2 Definition of Medical Device in the United States

For the US market, the definition of a medical device is given in section 201(h) of the
Federal Food Drug & Cosmetic (FD&C) Act [9]. A device is:

an instrument, apparatus, implement, machine, contrivance, implant, in vitro reagent, or

other similar or related article, including a component part, or accessory which is:

1. recognized in the official National Formulary, or the United States Pharmacopoeia
(USP), or any supplement to them,

2. intended for use in the diagnosis of disease or other conditions, or in the cure, mitigation,
treatment, or prevention of disease, in man or other animals, or

3. intended to affect the structure or any function of the body of man or other animals, and
which does not achieve its primary intended purposes through chemical action within or
on the body of man or other animals and which is not dependent upon being metabolized
for the achievement of its primary intended purposes. The term “device” does not include
software functions excluded pursuant to section 520(0).

If a product is labelled, promoted or used in a manner that meets the above
definition, it will be regulated by the Food and Drug Administration (FDA) as a



4 Definition and International Regulations for Medical Devices 59

medical device and is subject to premarketing and post-marketing regulatory con-
trols, according to its class of risk (I, IT or III).

In cases where it is not clear whether a product is a medical device, the Center for
Device and Radiological Health (CDRH) of FDA has established and maintains a
public classification database [10] which contains products FDA considers devices
and the associated codes developed to support its regulatory and administrative
processes. In addition, if the preceding information does not result in determining
whether a product is a device, the Centre’s Device Determination Officers, Office of
Compliance, may be contacted.

4.1.3 Definition of Medical Device in Japan

For the Japanese market, the definition of medical device was originally laid down in
the Japan’s Pharmaceutical Affairs Law (PAL). The intent of PAL was to harmonize
requirements by incorporating the guidance documents of the Global Harmonization
Task Force (GHTF). This includes quality management systems (QMS) require-
ments based on the ISO 13485 norm.

Article 2, Paragraph 4, of the Pharmaceutical Affairs Law defines medical devices
as “instruments and apparatus intended for use in diagnosis, cure or prevention of
diseases in humans or other animals; intended to affect the structure or functions of
the body of man or other animals” [11].

Pharmaceutical Affairs Law (PAL) was replaced in 2014 by the Pharmaceuticals
and Medical Devices Act (PMD Act), also known as the Act on Securing Quality,
Efficacy and Safety of Pharmaceuticals, Medical Devices, Regenerative and Cellular
Therapy Products, Gene Therapy Products, and Cosmetics. The definition of med-
ical device was not changed, but in the text is further specified that the term “medical
device” refers to: any instruments, machines, apparatus, materials, software,
reagent for in vitro use, and other similar or related articles, which is used in
diagnosing, curing, alleviating, or directly preventing human diseases, regulating
fertility, or which may affect the body structure or functions of human beings, and do
not achieve its primary intended function by pharmacological, immunological or
metabolic means in or on the human body [12].

Under Japan PMDA regulations, a medical device can be classified, as a General
Medical Device (Class I), Controlled Medical Device (Class II) or a Specially
Controlled Device (Class III and Class IV), depending on the risk level.
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4.2 Regulations (EU, USA, Japan)

Despite global efforts to harmonize regulation of medical devices via groups such as
the Global Harmonization Task Force (GHTF), and the International Medical
Device Regulators Forum there is a huge discrepancy among regulatory require-
ments all over the world.

The differences lie not only in the classification of devices, but also in the overall
process, the quickness of approvals, their applicability across regions and the
expense involved, although it is acknowledged worldwide that a global approach
to auditing and monitoring the manufacturing of medical devices could improve
their safety and oversight on an international scale.

The three main regulatory frameworks are: the CE-Mark, the US-FDA approval,
and the Japanese PMDA. Each of them differs in the aim of the regulation and in the
process involved. CE-marking was established mainly to guaranty the safety of the
device, as a requisite for the free commercialization in all the EU Countries. The US
FDA also focuses on safety but with the additional requirement of evaluating the
efficacy. Japanese PMDA looks to quality, efficacy and safety.

4.2.1 European Regulatory Framework: CE-Mark

Medical devices, as many other products, require CE-marking before they can be
sold in the European Economic Area (EEA). CE-marking proves that the device has
been assessed and meets EU safety, health and environmental protection require-
ments. It is valid for devices manufactured both inside and outside the EEA, that are
then marketed inside the EEA.

The EU-wide requirements are laid down in directives or regulations that cover
different products or product sectors. For medical devices, the relevant directives
were adopted more than 25 years ago and represented a significant change for
manufacturers and competent authorities:

* Directive 90/385/EEC regarding active implantable medical devices (AIMDD)
» Directive 93/42/EEC regarding medical devices (MDD)
* Directive 98/79/EC regarding in vitro diagnostic medical devices (IVDD)

Based on the data collected, and on the experience gained during these years of
application, the Directives were amended in 2010 (Directive 2007/47/EC).

In 2017, the Directives have been superseded by the adoption of the Regulation
(EU) 2017/745 on Medical Devices (MDR) and Regulation (EU) 2017/746 on In
Vitro Diagnostic Devices Regulation (IVDR). A “Regulation” (unlike a Directive) is
directly applicable as a law and has consistent effect in all EU Member States.
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The EU’s Medical Device Regulation (MDR) was officially published on 5 May 2017 and
came into force on 25 May 2017. The MDR will replace the EU’s current Medical Device
Directive (93/42/EEC) and the EU’s Directive on active implantable medical devices
(90/385/EEC).

From 26 May 2020, new devices will have to meet the requirements of the MDR in order to be
placed in the European market.

Devices holding a certificate from a European Notified Body under either the Medical Device
Directive (93/42/EEC) or the Active Implantable Medical Devices Directive (90/385/EEC)
have an additional grace period and may continue to be placed on the market until 26 May
2024 if the manufacturer fulfil the specific prerequisite requirements drawn in the MDR.

Due to the COVID-19 outbreak, the application of MDR have been postponed by a year in a
bid to prevent shortages in getting key equipment on the market during the coronavirus
pandemic. The Medical Devices Regulation (MDR) was due to be enforceable on 26 May
2020 but will now take effect on 26 May 2021.

Fig. 4.1 Calendar for the introduction of the MDR application

The MDR provides for a transition period of 3 years and fully applies on 26 May
2020." The IVDR provides for a transition period of 5 years and will fully apply from
26 May 2022. During the transition period, manufacturers can place devices on the
market under the currently applicable EU Directives (93/42/EEC, 98/79/EC and
90/385/EEC) or under the new Regulation. Due to the COVID-19 pandemic, an
amendment to the MDR was adopted on 24 April 2020 by European Commission,
which postponed the application of most of its provisions by 1 year, until 26 May
2021. The European Commission considered such a delay necessary given that the
public health crisis has created a demand for substantial additional resources and
medical devices of vital importance, such as medical gloves, surgical masks, equip-
ment for intensive care and other medical equipment, which could not have been
reasonably anticipated at the time of adoption of the MDR (see summary in Fig. 4.1).

For medical devices and active implantable medical devices, the technical
requirements are detailed in Annex I of each of the MDD and AIMDD. These
requirements are called Essential Requirements (ER). There are 13 ERs in the
MDD and 16 in the AIMDD. The General Safety and Performance Requirements
(SPRs) listed in Annex I of MDR have replaced the Essential Requirements. The
scope and topics are consistent overall with the ERs of the Directives. However,
there are a few notable differences.

For some medical devices, other regulations may be also applicable: the Restric-
tion of Hazardous Substances (RoHS) Directive, the General Data Protection Reg-
ulation (GDPR) or the Machinery Directive since those requirements are more
specific than the essential requirements set out in Annex I to the MD or AIMD

"'Status May 2021: the full application of MDR has been postponed for organizational reasons.
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Directives or MDR. In other cases (e.g. Low Voltage Directive and Electromagnetic
Compatibility Directive) since the prescriptions of the Medical Device Directives/
Regulation are more restrictive, there is no requirement to demonstrate the compli-
ance with these Directives.

It is up to the manufacturer to make sure that the product meets all the EU legal
requirements. Unless the device is a low-risk device, special conformity assessment
bodies (“Notified Bodies”) must verify that the specific technical requirements are
met. The conformity assessment usually involves an audit of the manufacturer’s
quality system and, depending on the type of device, a review of technical docu-
mentation from the manufacturer on the safety and performance of the device.

Thus, in order to choose the proper certification path, the medical device shall be
classified according to the class of risk laid down in the respective Directive/
Regulation.

4.2.2 CE-Mark Device Classification

According to the European framework, there are four classes of medical devices:
Class I, IIa, ITb and III. The medical devices of Class III hold the highest risk.

The classification rules are laid down in Annex IX of the MDD Directive (Annex
VIII of the MDR). A guideline to classification can be found in document MEDDEV
2.4/1 [8].

* Class I Medical Devices: Medical devices class I have the lowest perceived risk.
Several non-invasive, non-active devices belong to this class (e.g. plasters, scal-
pels, otoscopes, wheelchairs. . .). This class has also two subclasses: “Is” if the
medical device is sterile, e.g. a personal protection kit; “Im” if the medical device
has measuring functions, e.g. stethoscope.

* Class IIa Medical Devices: This class includes several active diagnostic and
therapeutic devices such as hearing aids, diagnostic ultrasound machines, ECG
and EEG devices, etc. They usually constitute low- to medium-risk. Patients
should use them for a short-term period, any less than 30 days.

* Class IIb Medical Devices: It include medical devices such as long-term correc-
tive contact lenses, surgical lasers, defibrillators and others. They are medium- to
high-risk devices, and patients may use them for a period longer than 30 days.

¢ Class III Medical Devices: In that class, all medical devices have the highest risk
possible. Such devices are, for instance, cardiovascular catheters, aneurysm clips,
hip-joint implants, prosthetic heart valves and others.

No classes of risk are defined for active implantable devices (e.g. pacemakers,
implantable cardioverter defibrillators, cochlear implants implantable nerve stimu-
lators), since these devices are regulated by their own directive (AIMD). In the
MDR, AIMD related devices will be classified as Class III.
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In the near future, due to the stricter rules of the new Regulation (MDR), the class
of some devices may change (e.g. up-classification of some stand-alone software
products, up-classification of external defibrillators).

4.2.3 Major Changes Introduced by the MDR

Even if MDR is not radically different from MDD, additional work will be required
to companies who want to continue supplying their devices beyond 2020. Most of
the new requirements are extensions to already existing requirements. The current
four classes I, Ila, IIb and III are retained without change, and the classification rules
are mostly the same, with some changes related to substances, up-classification of
software and of some specific devices. The essential requirements are still listed in
Annex 1 of the MDR, are now renamed as “general requirements” and have been
extended. All medical devices that incorporate electronic programmable systems and
software or that are medical devices in themselves shall be developed and
manufactured in accordance with the state of the art taking into account the princi-
ples of risk management, including information security, as well as to set out
minimum requirements concerning IT security measures, including protection
against unauthorized access.

The manufacturers may choose among different certification routes, but with
fewer options than before.

The requirements related to post-market surveillance (PMS) have been expanded.
The MDR defines post-market surveillance as a proactive and systematic process
which manufacturers implement and carry out (with other economic operators) in
order to take corrective and preventive action (CAPA) in accordance with informa-
tion on medical devices and their performance. Companies have to institute and keep
up to date a systematic procedure to collect and review experience gained from
devices they place on the market and produce a PMS Report or, depending on the
device class, a Periodic Safety Update Report (PSUR). The aim of the post-market
surveillance system is to actively and systematically gather, record and analyse
relevant data on the quality, performance and safety of a device throughout its entire
lifetime. This allows manufacturers to continuously update the risk-benefit assess-
ment and to initiate necessary measures without delay. Manufacturers are obliged to
collect and assess all information about their medical devices and related devices
from competitors.

MDR requires manufacturers to prepare and implement a post-market surveil-
lance plan (Article 84), which is part of the technical documentation and proves
compliance with the PMS requirements of the MDR. Annex III specifies the
requirements and the content of such a post-market surveillance plan, and covers
at least:
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Chapter VII
Section 1
Art 83 CE mark Annex XIV
Clinical evaluati Part A ¢

Chapter VII | i
Section 1
Art 86

PMCF Annex X1V
PM Clinical Follc Part B

[PMCF Evaluation R-— —_—-

Fig. 4.2 Relation among the Post-Market Clinical Follow-up (PMCF), the post-market surveil-
lance (PMS) plan and Periodic Safety Update Report (PSUR)

* aproactive and systematic process to collect any information referred to in point (a). The
process shall allow a correct characterization of the performance of the devices and
shall also allow a comparison to be made between the device and similar products
available on the market.

* effective and appropriate methods and processes to assess the collected data.

» suitable indicators and threshold values that shall be used in the continuous
reassessment of the benefit-risk analysis and of the risk management as referred to in
Section 3 of Annex 1.

e effective and appropriate methods and tools to investigate complaints and analyse
market-related experience collected in the field.

* methods and protocols to manage the events subject to the trend report as provided for in
Article 88, including the methods and protocols to be used to establish any statistically
significant increase in the frequency or severity of incidents as well as the observation
period.

* methods and protocols to communicate effectively with competent authorities, notified
bodies, economic operators and user.

* reference to procedures to fulfil the manufacturers obligations laid down in Articles
83, 84 and 86.

* systematic procedures to identify and initiate appropriate measures including corrective
actions.

e effective tools to trace and identify devices for which corrective actions might be
necessary.

* a Post-Market Clinical Follow-up (PMCF) plan as referred to in Part B of Annex X1V, or
a justification as to why a PMCF is not applicable.

The relation among the PMCF, the PMS plan and PSUR is depicted in Fig. 4.2.
MDR has introduced the Unique Device Identification (UDI). The UDI is a series of
numeric or alphanumeric characters that is created through a globally accepted
device identification and coding standard. It allows the unambiguous identification
of a specific device on the market. Although UDI is a new requirement in Europe, it
has been an established requirement in the United States.
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Major changes introduced by MDR

* Product scope expansion to include devices that do not have a medical intended purpose.

* Reclassification of some devices according to risk, contact duration and invasiveness.

*  More rigorous clinical evidence for class III and implantable medical devices.

e Systematic clinical evaluation of Class Ila and Class IIb medical devices and proactive post-
marker surveillance for all devices

e Identification of ‘person responsible for regulatory compliance’

e Implementation of unique device identification (UDI) for better traceability and recall

*  More rigorous surveillance by Notified Bodies to reduce risks from unsafe devices

Fig. 4.3 Major changes introduced by the MDR

There are two requirements in the MDR which are novel (see also Fig. 4.3):

* Company shall appoint at least one person responsible for ensuring the regulatory
compliance (the requisite expertise this person should have are laid down in
Article 15).

» The extension of the scope of the medical device regulations to products without
an intended medical purpose but which are analogous to devices with a medical
purpose. This is aimed at medical device like products typically intended for
cosmetic purposes (e.g. coloured non-corrective contact lenses). Annex XVI of
MDR contains a list of groups of such products.

4.2.4 CE-Mark Certification and Declaration of Conformity

According to the European framework, if a medical device is in any other class apart
from class I, a Notified Body assessment is required that the medical device fulfils
the essential requirements of the respective CE directives.

For medical devices belonging to class Ila, IIb or III medical device, the decla-
ration of compliance (CE Declaration) will have to be backed up with a Notified
Body assessment (CE Certificate). Only then, the product can be placed on the
market. The conformity assessment of the medical devices by the Notified Body may
include an audit of the technical documentation and a quality system/product
inspection, and to be focused on one or more aspects of the device design and
production as summarized in Table 4.1.

The conformity assessment may follow different procedures, as listed in Annexes
IL, III, IV, V and VI of the MDD Directive. MDR has reduced the certification routes
options, which are now listed in Annex IX to XI [6].
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Table 4.1 Notified body assessment for CE certificate

Notified body

Device class (CE certificate) | Note

Class I Not required Manufacturer self-declaration

Class Is, Im Required Assessment by the Notified Body limited to mea-
surement and sterilization issues

Class Ila Required Assessment of design/project by Notified Body not
required
Assessment of specific procedures of the Quality
Management System by the Notified Body

Class IIb Required Assessment of Technical Documentation and of
Quality Management System by the Notified Body

Class III and active Required Assessment of Technical Documentation and

implantable devices Quality Management System by the Notified Body

4.3 US Regulatory Framework: FDA Notification
and Approval

Medical devices marketed in the United States are subject to the regulatory controls
in the Federal Food, Drug, and Cosmetic Act (FD&C Act) and the regulations in
Title 21—Code of Federal Regulations [9].

The regulatory process with FDA is mainly based on the equivalence principle.
The philosophy of this process involves proving substantial equivalence between the
new device and the predicate (legally marketed) device, rather than an independent
demonstration of the new device safety and effectiveness. The substantial equiva-
lence should be not only in terms of technological and design characteristics but also
on performance data and should have same intended use as the predicate device. If
substantial equivalence cannot be established, the device generally requires
premarket approval (PMA).

The first step in preparing a device for marketing is to classify the device. A medical
device is defined by law in the section 201(h) of the FD&C Act, and the classification,
which may be found in the Code of Federal Regulations, determines the regulatory
path and regulatory requirements for your device, i.e. the type of premarketing
submission/application required for FDA clearance to market. The marketing path-
ways include Premarket Notification (510(k)), De Novo Classification Request,
Exempt, Premarket Approval (PMA), Product Development Protocol (PDP), Human-
itarian Use Exemption (HDE) and Biologics License Application (BLA).

4.3.1 FDA Device Classification

Device classification depends on the intended use of the device and upon indications
for use. Indications for use can be found in the device’s labelling but may also be
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conveyed orally during sale of the product. A discussion of the meaning of intended
use is contained in the 510(k) Programme: “Evaluating Substantial Equivalence in
Premarket Notification” (510(k)). In addition, classification is risk based, that is, the
risk the device poses to the patient and/or the user is a major factor in the class it is
assigned. Class I includes devices with the lowest risk and Class III includes those
with the greatest risk.

The Food and Drug Administration (FDA) has established classifications for
approximately 1700 different generic types of devices and grouped them into
16 medical specialties referred to as panels. Each of these generic types of devices
is assigned to one of three regulatory classes based on the level of control necessary
to assure the safety and effectiveness of the device.

4.3.2 FDA Premarket Approval and Premarket Notification
Process

The class to which your device is assigned determines, among other things, the type
of premarketing submission/application required for FDA clearance to market. If
your device is classified as Class I or II, and if it is not exempt, a 510k will be
required for marketing. For Class III devices, a premarket approval application
(PMA) will be required.

As indicated in Table 4.2, all classes of devices are subject to General Controls.
General Controls are the baseline requirements of the Food, Drug and Cosmetic
(FD&C) Act that apply to all medical devices, Class I, II and III.

Premarket Approval (PMA) application is a scientific, regulatory documentation
to FDA to demonstrate the safety and effectiveness of the class III device. There are
administrative elements of a PMA application, but good science and scientific
writing is a key to the approval of PMA application.

A 510(k) is a premarket submission made to FDA to demonstrate that the device
to be marketed is at least as safe and effective, that is, substantially equivalent, to an

Table 4.2 Regulatory controls required by FDA
Device | Regulatory Notification/
class controls approval Note
Class I | General controls 510k premarket Unless exempted
notification
Class II | General controls 510k premarket Unless exempted
and special notification
controls
Class | General controls Premarket Unless your device is a pre-amendments
I and premarket approval applica- | device (on the market prior to the passage of
approval tion (PMA) the medical device amendments in 1976, or
substantially equivalent to such a device) In
that case, a 510k will be the route to market
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already legally marketed device that is not subject to PMA. The 510(k) notification
should include a physical description of the new device, together with an explanation
of its intended use, principles of operation, power source, composition, and other
information necessary to understand the device.

4.4 Japanese PMDA

Japan’s Ministry of Health, Labour and Welfare (MHLW) is the regulatory body that
oversees food and drugs in Japan, which includes creating and implementing safety
standards for medical devices and drugs. In conjunction with the MHLW, the
Pharmaceutical and Medical Device Agency (PMDA) is an independent agency
that is responsible for reviewing drug and medical device applications. The PMDA
works with the MHLW to assess new product safety, develop comprehensive
regulations and monitor post-market safety.

Medical devices are regulated by the Act on Securing Quality, Efficacy and
Safety of Pharmaceuticals, Medical Devices, Regenerative and Cellular Therapy
Products, Gene Therapy Products, and Cosmetics (hereinafter referred to as “the
Pharmaceuticals and Medical Devices Act”), which came into effect in
November 2014.

Medical Devices are classified by risk base concept, into four classes. All devices
shall be in conformity with the Essential Principles (Eps). Essential Principles are
revised according to the GHTF document on Essential Principles of Safety and
Performance of Medical Devices and IVD Medical Devices [13].

4.4.1 Japan Medical Device Classification

Under Japan PMDA regulations, a medical device can be classified as a General
Medical Device (Class I), Controlled Medical Device (Class II) or a Specially
Controlled Device (Class III and Class IV), depending on the risk level. A summary
is given in Table 4.3.

For General Medical Devices, only a notification/self-declaration is required, and
the product does not need to undergo the approval process by the MHLW
and PMDA.

Controlled Medical Devices can be designated to be certified by an authorized
third-party certification entity or reviewed by the Pharmaceutical and Medical
Device Agency (PMDA).

Specially Controlled Medical Devices must be reviewed and approved by the
PMDA and Ministry of Health, Labour and Welfare (MHLW).
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Table 4.3 Classification and regulation regarding medical devices in Japan

69

GHTF

classification | Category Regulatory requirements

Class A Extremely low | General MDs Self-declaration: approval of the product is
risk (Class I) not required, but marketing notification is
e.g. X-ray film necessary

Class B Low risk Controlled MDs | Third-party Certifica- | Minister’s
e.g. MRI, (Class 1I) tion: Approval
digestive Certification by a (Review by
catheters registered certifica- PMDA)

Class C Medium risk Specially Con- tion body is required | The Minister’s
e.g. dialyzer trolled MDs approval for the

(Class Il & IV) product is required

Class D High risk Minister’s Approval (Review by PMDA)

e.g. pacemaker The Minister’s approval for the product is
required

4.4.2 PMDA Process

The Japanese approval process is essentially the approval of two aspects:

[\

Device: This involves review against Essential Principles (EP) and Summary
Technical Documentation (STED) data subsets. EPs are specified in “the Stan-
dards for medical devices” as stipulated by the Japanese law. EPs cover design
and manufacture (toxicity, compatibility, hardness, wear and degree of fatigue,
handling, etc.), risk management, performance and function, durability, transport
and storage and benefits of device. The Summary Technical Documentation for
Demonstrating Conformity to the Essential Principles of Safety and Performance
of Medical Devices (STED) is a practical method to harmonize device regulation
and bring Japan in line with other international regulatory bodies. Similar in
principle to FDA 510(k) it attempts to show equivalence of a new device with a
predicate device. It attempts to develop a common regulatory format for all the
major regulatory bodies.

Manufacturing facilities: data reliability, GLP, GCP, GMP conformity, post-
approval inspection.

Each device is reviewed depending on its specific risk:

. For review of general medical devices, a self-declaration system is adopted.
. Designated Controlled Medical Devices are to be certified by the third-party

certification bodies based on Certification Criteria (discussed below) which are
pre-authorized by the Minister of Health, Labour and Welfare (hereafter MHLW).
Other Controlled Medical Devices are reviewed by the Pharmaceuticals and
Medical Devices Agency (PMDA).

. Specially Controlled Medical Devices are to be reviewed by PMDA and

approved by the MHLW. They are reviewed based on separately specified
approval criteria or Guidance Documents, which are authorized by the MHLW.
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Where some devices comply with specified certification criteria and authorized
by the MHLW they are to be reviewed and certificated by the third-party
certification bodies as designated specially controlled medical devices.

PMDA reviewing applications for medical devices are as follows:

1. New medical devices: marketing applications for medical devices that have a
clearly different structure, usage, indication, performance, etc., as compared to
those that have already been approved for marketing.

2. Improved medical devices (with clinical data): marketing applications for medical
devices that do not fall under “new medical devices” or “generic medical
devices”.

3. Improved medical devices (without approval criteria, without clinical data):
marketing applications for medical devices that do not fall under “new medical
devices” or “generic medical devices” (limited to devices for which no clinical
data are required to be submitted).

4. Generic medical devices (without approval criteria, without clinical data): mar-
keting applications for medical devices that are regarded as substantially equiv-
alent to existing approved medical devices in terms of structure, usage,
indications, performance, etc. (limited to devices for which no clinical data are
required to be submitted).

5. Generic medical devices (with approval criteria, without clinical data): marketing
applications for medical devices that are regarded as substantially equivalent to
existing approved medical devices in terms of structure, usage, indications,
performance, etc. (limited to devices for which no clinical data are required to
be submitted.) and that comply with approval criteria (discussed below).

4.5 International Technical Standards

Standards play a significant role in the design, production, post-production and
regulation of medical devices throughout their lifecycle. International standards
offer important technical tools for conformity assessment, helping the evaluation
that devices are safe and perform as intended.

Standards offer a means to streamline and harmonize regulatory processes around
the world, especially as medical devices grow in complexity and as international
markets expand. Standards can be particularly valuable as they reflect the state of the
art and “. .. generally reflect the best experience of industry, researchers, consumers
and regulators worldwide, and cover common needs in a variety of
countries...” [13].

In general, the use of standards is voluntary, except in those particular cases
where certain standards have been deemed mandatory by a regulatory authority.

Standards are created and published by national or international standards orga-
nizations or by regulatory authorities. As for medical devices, the most relevant
bodies are listed below:
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International Standards Development Organizations:

IEC—International Electrotechnical Commission
ISO—International Organization for Standardization

European Standards Development Organizations:

CENELEC (European Committee for Electrotechnical Standardization) (https://
www.cenelec.eu)
CEN (European Committee for Standardization) (https://www.cen.eu)

US Standards Development Organizations:

AAMI Association for the Advancement of Medical Instrumentation (http://
WWW.aami.org)

ANSI American National Standards Institute (https://www.ansi.org/)

ASTM American Society for Testing and Materials (https://www.astm.org)

Japanese Standards Development Organization:
JISC Japanese Industrial Standards Committee (https:/www.jisc.go.jp)

For some standards, the development may be done by joint commissions

(e.g. IEC and 1SO).

Various terms are used to describe the characteristics of a standard. These are not

necessarily mutually exclusive:

basic safety standards (also known as horizontal standards)—standards indicating
fundamental concepts, principles and requirements with regard to general safety
aspects applicable to all kinds or a wide range of products and/or processes
(e.g. standards concerning risk assessment and control of medical devices).
group safety standards (also known as semi-horizontal standards)—standards
indicating aspects applicable to families of similar products and/or processes
referring as far as possible to basic safety standards (e.g. standards concerning
sterile or electrically powered medical devices).

product safety standards (also known as vertical standards)—standards indicating
necessary safety aspects of specific products and/or processes, referring, as far as
possible, to basic safety standards and group safety standards (e.g. standards for
infusion pumps or for anaesthetic machines).

Standards covering different aspects of particular matter (e.g. safety of electrical

medical device) or different types of device within a particular group (e.g. active
implantable device) may have complex hierarchical structures (e.g. precedence) and
interrelations. Standardized rules are used for the naming of standards belonging to
the same series (“family”).

An example of structure and naming adopted in IEC family of standard is

depicted in Fig. 4.4.
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Fig. 4.4 General view of structure and naming of IEC standards

The most extensive family of medical device standard is the 60601 (Fig. 4.5),
which addresses the safety and effectiveness of medical electrical equipment. The
basic/general standard is formally known as IEC 60601-1—Medical electrical
equipment - Part 1: General requirements for basic safety and essential performance.
Compliance with this standard has become a de facto requirement for bringing new
medical devices to market in many countries. The European (EN 60601-1) and
Canadian (CSA 60601-1) versions of the standard are identical to the IEC standard.

There are also deviations from the standard that relate to country-specific require-
ments. Within IEC 60601-1, there are “collateral” standards that are denoted as IEC
60601-1-x; for example, IEC 60601-1-2 is the EMC collateral standard mentioned
above. Other collateral standards include 60601-1-3, covering radiation protection
for diagnostic X-ray systems, 60601-1-9 relating to environmental design, and
60601-1-11 recently introduced for home healthcare equipment. There are also
many “particular” standards, denoted as IEC 60601-2-x that define specific require-
ments related to particular types of products, e.g. 60601-2-16 covers blood dialysis
and filtration equipment.

The 60601 family covers several issues related to safety: electrical shock hazards
and mean of protection; mechanical hazards (e.g. moving parts, pinching, crushing,
over tilt, expelled parts, dropping, supports breaking); radiation hazards; ignition
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Fig. 4.5 Partial view of the 60601-1 family of standards

hazards of flammable anaesthetics; fire and other hazards; exposure to excessive
temperatures, liquid spillage, pressure vessels, human errors and other such hazards.

Biological hazards (biocompatibility) are out of the scope of this standard, and are
covered by the international standard family ISO 10993.

Sections 1 and 2 of IEC 60601-1 address the general requirements for tests (such
as definitions and classification) and environmental conditions (including tempera-
ture, humidity, supply voltage and others). Section 9 identifies abnormal and fault
conditions which must be evaluated. Section 10 addresses the general construction
requirements for enclosure, components, and grounding (or earthing) that are not
included in the other sections.

The up-to-date edition of this standard specifically calls out the Risk Management
Process described in ISO 14971 that includes a risk management file where identi-
fiable fault conditions are identified and assessed.

4.5.1 Harmonized Standards in Europe

In Europe, manufacturers working under the Medical Device Directives (MDD,
AIMD or MDR) are given a legal “presumption of conformity” with essential
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requirements if they apply harmonized standards as published in the Official Journal
of the European Communities. Article 5 of MDD and AIMD state that “member
states must presume compliance with essential requirements if harmonized stan-
dards are applied”. In other words compliance with standards is voluntary, whereas
essential requirements have the highest priority and must anyhow be fulfilled. In this
context, standards are just one way to show compliance. If a manufacturer does not
apply a harmonized standard, there is an obligation to document the solutions for
fulfilling the essential requirements. The “presumption of conformity principle” is
still present in MDR (Article 8).

4.5.2 Harmonized Standards in the USA

Whilst manufacturers are encouraged to use FDA-recognized consensus standards in
their premarket submissions, conformance is voluntary. Demonstrating conformity
with FDA-recognized standards facilitates the premarket review process. Standards
that have been recognized by the FDA (either wholly or in part) are maintained and
are searchable in the FDA’s Recognized Consensus Standards database [14]. Stan-
dards for which a non-recognition determination has been made are listed in the
Non-Recognized Standards database. A manufacturer may not declare conformity to
a non-recognized standard.

Conclusion

The term “medical device” covers a very wide range of products, such as instru-
ments, software and materials. Although the definitions of medical device may differ
among national legislations, most of the definitions are based upon two principles:
the medical purpose (i.e. the use for diagnosis, prevention, monitoring and treatment
of disease) and the mechanism of actions (i.e. not based on pharmacological or
metabolic or similar means). The classification of medical devices is a “risk-based”
system based on the vulnerability of the human body taking account of the potential
risks associated with the devices. Despite global efforts to harmonize regulation of
medical devices via groups such as the Global Harmonization Task Force (GHTF),
and the International Medical Device Regulators Forum there is a huge discrepancy
among regulatory requirements all over the world.

In addition, technical standards offer a means to streamline and harmonize
regulatory processes around the world, especially as medical devices grow in
complexity and as international markets expand. Standards can be particularly
valuable as they reflect the state of the art and reflect the best experience of industry,
researchers, consumers and regulators worldwide.
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Take Home Message
— The term medical device covers a very wide range of products, such as
instruments, software and materials. Most of the definitions applied in the
local regulations are based upon two principles: the medical purpose and
the mechanism of action.

— The classification of medical devices is a “risk-based” system founded on
the vulnerability of the human body and taking into account of the potential
risks associated with the devices. The adopted criteria for this evaluation
include parameters like duration of contact with the body, degree of
invasiveness and local vs. systemic effect.

— In Europe, an important step is the introduction of the EU-MDR which
includes, among others, new strict requirements as the identification of
the responsible person for regulatory compliance, the implementation of
the unique device identification (UDI) for better traceability and recall and
the rigorous surveillance by Notified Bodies to reduce risks generated by
unsafe devices.

— Technical standards offer a means to streamline and harmonize regulatory
processes around the world, especially as medical devices grow in com-
plexity and as international markets expand.
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Chapter 5 )
Lifecycle of Medical Devices s

Federica Censi, Giovanni Calcagnini, and Eugenio Mattei

Abstract Medical devices are used on people to improve their health status or their
quality of life. This unique characteristic calls for the strict monitoring of their
overall lifecycle. For this reason, it is mandatory to ensure the strict compliance to
standards and regulations: from the conception phase to the final use and final
disposal of the obsolete devices. An additional important aspect is to ensure the
post-marketing surveillance as an effective strategy to spot any potential flaws of a
device and allowing for continuous improvements and reduction of potential risks.
The correct use of medical devices, through clear and comprehensive instructions for
use and adequate training is another important tool to ensure patients and operators
safety.

The global nature of the medical devices market stresses the requirement to
comply with international regulations, but also to the need for registering and
licensing the device in the different countries where the manufacturer would like
to sell.

This chapter considers all the above aspects and is completed with a case-study
relevant to the development of a device for cardiac arrhythmia detection.

Introduction
The lifecycle of medical devices is similar to that of any technological product, in the
sense that they begin their life in a manufacturing plant, then are sold to the end user
and can be used up to the natural end of their lifecycle. However, medical devices
have unique characteristics. Medical device companies are responsible for the safety
and efficacy of their products throughout the lifecycle of the medical device, creating
the need for rigorous pre-market testing and post-surveillance activities to monitor
the technical and clinical performance of medical devices.

This chapter explains the phases of the lifecycle of medical devices, highlighting
the peculiarities present in each phase compared to other products on the market.

F. Censi - G. Calcagnini (<) - E. Mattei

Department of Cardiovascular, Endocrine-metabolic Diseases and Ageing, Italian National
Institute of Health, Rome, Italy

e-mail: federica.censi@iss.it; giovanni.calcagnini @iss.it; eugenio.mattei @iss.it

© Springer Nature Switzerland AG 2022 77
C. Boccato et al. (eds.), Medical Devices, Research for Development,
https://doi.org/10.1007/978-3-030-85653-3_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-85653-3_5&domain=pdf
mailto:federica.censi@iss.it
mailto:giovanni.calcagnini@iss.it
mailto:eugenio.mattei@iss.it
https://doi.org/10.1007/978-3-030-85653-3_5#DOI

78 F. Censi et al.

The development of a device for cardiac arrhythmia detection, for personal use,
will be presented as a case-study.

5.1 Medical Devices Lifecycle: WHO Definition, Main
Phases, and Stakeholders

The concept of a lifecycle for medical devices is adopted from the broader idea of a
product lifecycle (PLC). Like all products, a medical device begins its life as an idea
that has to be put into effect by an adequately managed manufacturing process, then
sold to the end user and used until the natural end of its lifecycle. Making sure that
product development meets all regulatory requirements from the very first stages to
the end, is most important to guarantee the success of the device in the market and
the safety for the users. Among the different definition of the PLC for a medical
device, the one given by the WHO (World Health Organization) in the guide
“MEDICAL DEVICE REGULATIONS - Global overview and guiding principles”
is particularly suitable to understand how the regulatory system plays an important
role during all the phases of the PLC, and that any of these phases can affect the
safety and performance of the medical device. Specifically, the WHO guide recog-
nizes seven major phases in the life span of a medical device (Fig. 5.1) [1]:

. Conception and development
. Manufacturing

. Packaging and labelling

. Advertising

. Sale

Use

. Disposal

Of course, before a medical device is sold it must have been tested and approved
in medical trials. The WHO guide also points out the persons (stakeholders) who
directly manage the different phases of medical devices: the manufacturer (who
usually manages the first three phases of the medical device’s life span), the vendor
(e.g., importers, distributors, retailers, and manufacturers who sell medical equip-
ment), and the user (professional in a healthcare facility, or patient) are the three
main actors who are directly involved with the different phases of the medical device
PLC. Besides them, the Public/Patient and the Government are also key interested
parties. The public are the ultimate beneficiary of medical devices, and in the case of
over-the-counter (home-use) devices, they are the user as well. The government has
the responsibility of overseeing that medical devices sold in the country are safe and
effective.
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Fig. 5.1 The seven major phases in the life span of a medical device recognized by the World
Health Organization

5.1.1 Phase 1: Conception and Development

The medical device (MD) conception is an essential element of the device’s PLC,
because it specifies both its functional safety and usability, therefore enables con-
tainment of error-prone processes.

In the conception phase, the medical device exists only as an idea. The first
question the manufacturer has to ask is whether the intended product behind the idea
will be a medical device. Generally speaking, a device intended to be used for
medical purposes is a medical device (cf. definition of medical device on Chap. 4).
Each medical device begins as an idea for solving a medical problem. These ideation
processes generate abstract concepts needing refinement and development to
become a practicable base for the production of a medical device that is effective,
safe, and feasible to produce and to achieve regulatory compliance.
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In this phase, the manufacturer begins an initial evaluation of possible develop-
ment of a commercial product, which involves both economic and technical aspects.
The manufacturer is expected to explore the funding strategies and the potential
markets and distribution routes, taking in mind that medical device market has its
own regulations and challenges. At this stage the analysis of the clinical needs
associated to the device and the impact of potential competitors can help. If the
product contains an innovation so that the device has never been produced before,
the invention should be protected by patenting it. Also, if there aren’t equivalent
devices on the market a clinical trial for the product is needed, which increases the
budget due to the high costs involved. If the result of this initial evaluation is that the
device has a market position and is viable and financially feasible, it is worth
developing a working device (prototype) that proves the idea.

At this point, it is important to define the product and its intended use and to
establish basic claims for the device in terms of both safety and effectiveness. This
can be done by collecting user needs and translating them into technical require-
ments for the final product. The listings of the technical requirements must take into
account the peculiarity of medical devices which must also comply with specific
requirements in terms of both safety and performance. Such requirements have an
impact on the medical device design since they concern many aspects from electro-
magnetic compatibility to the IP (Internal Protection) grade.

Soundness of concept and adequacy of design, construction, and testing (includ-
ing verification, validation, and clinical trials) require the scrutiny of scientific
experts to ensure that design parameters and performance characteristics do not
impose unwarranted risks. Among the expertise that must be considered from the
very beginning of the MD conception, the regulatory aspects play a crucial role. MD
regulation often implies strict and specific design rules (e.g., regarding electrical
safety, electromagnetic immunity, user interface) that do not apply to common
devices. Conception and design of the device not taking into account what is
prescribed by MD regulation is one of the most common cause of failure, especially
for those manufactures who, for the first time, approach the MD market. A poorly
designed device will not make its way through regulatory compliance into the
market. In the unlikely event that it does, the lack of an adequate design taking
into account all the aspects required by the MD regulation can lead to the failure to
safely perform as intended and will undermine conformity with essential
requirements.

To this regard, another important issue is the classification of the medical device,
which can be different from country to country, since several different international
classification systems for medical devices are still in use in the world today (see
Chap. 4). However, the classification of medical devices is generally based on their
intended use, invasiveness, duration of use, and the risks and potential harms
associated with their use. The term “medical device” refers both to highly sophisti-
cated computerized medical equipment down to simple wooden tongue depressors.
The more complex the device, the higher the risk of user error. The classification is
key in the determination of the conformity assessment route (e.g., CE marking) that
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will ensure that the device will meet the applicable regulatory/clinical/quality
requirements in a specific country.

Once the basic claims have been defined and the medical device has been
classified, the developer may start creating a strategy to comply with regulatory
prescription and building a design file from prototypes to the final product on the
market.

The development planning consists of the design process including iteration on
product design, prototyping, design review, verification, validation, and design
changes. The device begins to take shape and it is expected to undergo some trials
for which acceptance criteria must be clearly determined. A design trace matrix is a
good way to track the device claims, in terms of mode of testing to verify and
validate and equipment needed. In the validation phase, medical device companies
conduct clinical validation activities to verify that the device is safe and effective.
Clinical validation may require clinical trials if there aren’t equivalent devices on the
market. In this case, a clinical trial plan must be developed, which will use product
from the final design and which should take into account potential external
approvals, such as from an Ethical Committee. Clinical plan could also be based
on a bibliographic research on existing publications and state of the art relevant to
other equivalent devices.

The design of a medical device aims to define and implement the necessary
specifications (i.e., intended use and expected performances) and exclude all poten-
tial hazards related to the intended use through the risk assessment process and
conformity with national and international safety requirements. In the risk manage-
ment process, all the potential failures of what can go wrong due to bad design, poor
process or bad manufacturing, user failures by foreseeable misuse must be analyzed,
as well as all measures that could control the harms from these failures. The results of
risk analysis may even cause a design change.

In defining the regulatory strategy, it is important to take in mind the regulatory
requirements of the country/region where the device will be sold: the requirements in
the USA differ to those in Europe and even if there is very strong overlap, the
submissions process is different (see, e.g., Chap. 4).

However, to fulfil normative requirements worldwide, all the validation and
verification tests of the product must be passed. The manufacturer must gather all
the evidences of proper design development and device testing. It is thus crucial to
know the regulatory requirements for the product, to understand the real reason of
each test and not to take shortcuts. The technical documentation will be reviewed/
audited by a competent authority (e.g., Notified Bodies in Europe) for completeness
against their expectations.

Besides developing a device which fulfils all the technical requirements, the
manufacturer is expected to be able to replicate it in production. Thus, medical
device product design should be carried out with the manufacturing process in mind.
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5.1.2 Phase 2: Manufacturing

For a device to be commercialized, the design outputs must be transferred to the
production, putting in place the equipment and methods to make the product in
larger quantities assuring quality and consistency. At this stage the design is
expected to be “frozen” and the product should be in the form that it will assume
when it is commercialized.

However, the manufacturing process must be designed from the early stages of
device design, to achieve seamless transitioning from design to the manufacturing
phase. The manufacturer should layout and describe in detail all of the medical
device’s assembly steps, taking into account practical manufacturing limitations,
ease of components assembly, and cost-efficient processing. This helps identify
critical issues and potential interruptions. The products and its components could
be partially adapted to manufacturing constraints, mainly coming from mass pro-
duction processes.

Mass manufacturing of the medical devices is challenging because products must
be produced on time, within budget constraints, and with reproducible quality of
manufacture. Continuous process improvement based on internal and external
feedbacks can help in resolving any issues and produce a better product.

Extensive and rigorous rules regarding the conduct and management of
manufacturing must be implemented and followed. Since different products are
made in different ways, each company must develop its own standard operating
procedures (SOPs) and validation plans. By this means it is possible to govern
manufacturing equipment and processes, as well as activities such as those related
to product packaging and distribution that might affect product quality. Given the
importance of a medical device, the manufacturing process is controlled by the
competent authorities worldwide. The approaches used vary from country to coun-
try, but usually manufacturing sites are audited and procedures are checked
meticulously.

First of all, manufacturing processes should be validated to ensure that the
products are consistently defect-free. Validation is intended to assure that the
manufacturing process only releases products that conform to the specifications
and will work exactly how they are intended to be used. Medical devices are too
important for the patient’s safety to allow that even a single device reaches the
market with defects and fails to meet all specifications.

The validation should ensure that when the process operates correctly, it produces
only products conforming to specifications. When all of the procedures and equip-
ment used in the manufacturing process are tested, manufacturers can have the
assurance that the production lines they build will yield exactly the desired device.

Another important issue concerns the changes to the manufacturing process after
initial production is underway. This could happen for several reasons such as the
availability of new or less expensive components, new or additional safety pro-
cedures needed, different storage methods, availability of more precise and accurate
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inspection equipment or new suppliers or component vendors. Any of these changes
must be documented and the new processes must be validated as explained before.

If a manufacturing process is outsourced, suppliers must guarantee consistent
quality management and product conformity and safety. For this reason, they are
usually subject to inspection and audit by the manufacturers and by the competent
authorities (even without notice).

5.1.3 Phase 3: Packaging and Labelling

Medical device packaging is an important part of delivering the device to market
safely and securely. It is important to consider each stakeholder in the package
design process: not only the final user (healthcare professionals or patients), but also
less obvious stakeholders that may include, for example, seal operators, labellers,
sterilization technicians, warehouse personnel, and other factory employees. Prop-
erly packaged medical devices pose little risk to individuals handling them. This
highlights the importance of well-designed packaging systems in delivering clean,
sterile, and protected medical devices to the point of use. Shipping is one of the
hazards a medical device and its packaging must survive. Subtle damage can result
during transportation and handling unless the total packaging system is designed
robustly and can withstand various stresses. Well-sealed packaging is essential for
those medical devices that must be maintained sterile until its use. All these aspects
must be adequately considered and addressed in the MD risk analysis and properly
documented according to the Quality Management System (QMS) procedures.

Product labels on medical devices help to educate patients and care providers
about how a device should be used, who should use the device, what risks the device
could pose to the end user (patient or care provider), and how to operate the device
safely. Broadly, a label can be considered as both the instructions for use and any
other information that is related to identification, technical description, intended
purpose, and proper use of the medical device. A label should not refer to shipping
documents. Labels ensure that when a customer purchases a medical device, they
have immediate access to the best information pertaining to the safe operation of the
device. The specific requirements for labelling different MD will depend on the type
and on the risk class of device. Manufacturers should determine the risk classifica-
tion and intended use for their devices before developing detailed labelling require-
ments. All medical device labels are to include many information such as the name
and address of the manufacturer, packer or distributor, along with adequate direc-
tions for use (see Sect. 5.2.3 for details). QMS requires that medical device compa-
nies establish and maintain a procedure to control labelling activities.
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5.1.4 Phase 4: Advertising

Advertisement is important for every product, since a product won’t sell itself,
especially if no one knows about it.

In this context, social media posts can be used to catch the attention of patients
while technical documentation can better explain to a physician the capabilities of
the product.

The purchase of a medical device is much longer and complex from any other
product, since the decision process requires a great deal of consideration and
research. While planning the advertising strategy of the device, it is important to
keep in mind that the purchaser’s profile is very heterogeneous, it ranges from
hospital administrators, ambulant physicians to even private persons with different
medical literacy.

First it is important to make the audience aware of the device’s existence, using
press release, radio, TV, and online ads. Then the audience should understand that
the device could help in the medical problem they are facing. Device guides,
testimonials, both patients and doctors, and case studies that show positive outcomes
for patients are powerful to convince the audience to purchase and to show compet-
itive advantages of the product versus other options. Positive patient outcomes are an
important part of a medical professional’s consideration criteria. If the device is
thought for medical professional, benefits for the patient should be explained in a
not-simplified professional language.

Marketing materials including website may be reviewed by regulatory bodies, so
any claims must be founded on scientific evidence and backed up in the regulatory
submission. Since the medical device industry acts globally, the information leaflet
must be offered in local languages.

5.1.5 Phase 5: Sale

Once a medical device receives approval to be marketed, the product enters the
launch phase of its lifecycle.

First, since sometimes the regulatory compliance does not necessarily give the
right to sell the product, it could be necessary to register or licensing the device
and/or facility in the different countries where the manufacturer would like to sell.

Second, the product won’t sell itself, and a solid network of sales and marketing
professionals is needed.

The buyers of the device may be hospital systems, clinics, healthcare providers,
physicians, patients, distributors, and in some countries even the government. Thus,
the marketing plan must consider all these stakeholders.

The identification of the correct audience for the device is crucial, and the
information needed to build target market are usually already present in the organi-
zation. Once a primary profile of the most important target person has been set, the
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definition of a secondary audience which can influence the buying process may help,
i.e., nurse, office administration, hospital manager.

The identification of the audiences, together with the knowledge of the needs they
have, facilitate and define the messages able to speak to them.

For example, doctors can use an existing device to manage a certain medical
condition, but it could cause serious complications. If these complications are such
that some patients refuse treatment or some doctors are considered negligent, these
are weaknesses for the target client to focus on. If the new device does not have these
competitor flaws, it is important from a marketing perspective to inform potential
buyers of the innovations that mitigate those risks and simplify their lives.

Distributors may help not only with the actual selling process but also with the
marketing support, device assistance and organization of events, exhibition, confer-
ences, and training courses. Training and support are essential for an efficient
marketing and enable effective use of the product.

Also, distributors can be a valuable resource in terms of registration or licensing
of medical devices in a specific country, providing proper services for communica-
tion and interaction with the competent authorities.

If a reimbursement strategy can be applied, it is important to understand the
process in the different countries where the manufacturer would like to sell, taking
into account that costs for procedures and products could be imposed by the
governments. Thus, the device could be sold at different prices in different countries.

5.1.6 Phase 6: Use

A medical device must be used correctly. Correctly means to follow what it is
specified in the instruction for use provided by the manufacturer. If a medical device
is used following the instruction for use, the responsible for a failure of the device,
which can anyway occur, is the manufacturer. If a medical device is not used
following the instruction for use, the responsible for a failure of the device is likely
to be the user.

Although this is true for every device, in the case of medical devices, a very
different and particular aspect must be taken into account, namely that incorrect use
can lead to not treating the patient or even to injuries or death of patient.

Many medical devices are based on important technological innovations and can
be very complex in their use. The instructions for use are therefore extremely
important and must minimize all associated risks, taking into account the profile of
the user.

Users of medical devices can have a profound effect on their safety and effective
performance. Unfamiliarity with a certain technology or operating procedure, and
the use of products for clinical indications outside the scope of those specified in the
labelling, can cause device failure even in the absence of any inherent design or
manufacturing defects. Within the clinical engineering community, it is widely
believed that user error underlies at least half of all medical device-related injuries
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and deaths. The re-use of disposable devices contrary to the manufacturer’s instruc-
tions, and without proper control or precautions for minimizing associated risks, can
be dangerous. The lack of, or inappropriate, calibration and maintenance of medical
devices can seriously jeopardize their safety and performance.

The risks derived from an improper use of the device become even more
important when the device is intended to be used in an environment different from
healthcare facilities, as the home environment. Because the home environment is
fundamentally different and much more unpredictable than the clinical environment,
home use of medical devices presents unique challenges, many of which have the
potential to impact patient safety.

The maintenance and cleaning of the device must also be correctly and explicitly
indicated in the user manual. The maintenance of an external defibrillator can
foresee, for example, the need to turn it on every day and verify its correct
functioning by means of the self-test to verify the presence of faults. Failure to
carry out this procedure can put the patient’s life at risk, if a breakdown occurs in the
event that the defibrillator is needed.

These issues are often overlooked or underestimated. In order to minimize such
potential risks, the manufacturer/distributor shall support continuously the user for
the rest of the device life. EU and US regulations guarantee that the user shall be
provided with comprehensive and easy-to-understand instruction for use, labels,
warnings, precautions, and contraindications, but also with all the information
needed for the proper maintenance of the device, to ensure the performance and
the patient safety for the life of the device.

Instructions for use are to be designed not only to satisfy regulatory requirements
but also to be clear and understandable for the users specified in the device’s
intended purpose. The language in which the instructions for use must be provided
is determined by the states where the device is sold.

The user, in addition to having to strictly comply with the manufacturer’s
instructions, must also inform him if anomalies or abnormal behavior are found in
the operation of the device. The presence of adverse events must also be managed at
the level of the quality system, together with all the information coming from post-
market surveillance, to understand if corrective actions are necessary to ensure
patient safety (e.g., the recall of the device).

In fact, once a medical device has entered the market, it also enters the post-
marketing phase of its lifecycle. At this stage it is necessary to conduct post-
marketing surveillance actions to ensure that possible adverse events involving the
medical device are promptly reported and to address any complaints. At this stage it
is important to conduct follow-up clinical studies and possibly make improvements
of the product.
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5.1.7 Phase 7: Disposal

Disposal of certain types of devices should follow specific and stringent safety rules.
For example, devices that are contaminated after use (e.g., syringes and tubing) or
devices that contain toxic chemicals, can present hazards to people or the environ-
ment and must be disposed of properly. MD manufacturers must comply with a
series of international standards that prevent the use of hazardous substances (e.g.,
the regulation for the Registration, Evaluation, Authorization and Restriction of
Chemicals—REACH, and the directive for the Reduction of Hazardous Sub-
stances—RoHS), that can pose a risk when used or when disposed. As the final
phase in the PLC, the disposal of a MD is a responsibility of the user. However,
keeping in mind that the ideal conditions that will ensure the safety and performance
of medical devices require shared responsibility by all stakeholders, it is important
that the manufacturer provides within the instruction for use all the necessary
information that must be followed to ensure safe disposal of obsolete medical
devices.

5.2 Regulatory Requirements

5.2.1 Conception and Development: Harmonized/Consensus
Standards

As already explained in Chap. 4 of this book, the regulatory aspects play a crucial
role, and the regulatory design phase is as important as the device design phase.
Thus, the two phases must start simultaneously and must be carried on in parallel.
Many, if not all, of the choices in the design of a medical device cannot be made
freely but they must respect specific requirements, from the selection of the micro-
controller to the color of an indicator.

In the EU market, medical devices must comply with the essential requirements
as set out in Annex I of the Medical Device Directive (MDD), which have become
general safety and performance requirements in Annex I of the Medical Device
Regulation (MDR).

Article 8 of the Medical Device Regulation (MDR) [2] with regard to the Use of
Harmonized Standards specifies that “Devices that are in conformity with the
relevant harmonized standards, or the relevant parts of those standards, the refer-
ences of which have been published in the Official Journal of the European Union,
shall be presumed to be in conformity with the requirements of this Regulation
covered by those standards or parts thereof.”

Thus, which requirements of the regulation can be satisfied with any specific
harmonized standard and which harmonized standards are expected to be applied are
concerns to be addressed in the conception and development phase.
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Although the application of harmonized standards is not compulsory, safety and
performance can be demonstrated by applying other standards or methodologies
only if the manufacturer demonstrate that the applied standard or methodology is
equivalent to or better than the safety and performance demonstrated by the harmo-
nized standards.

Harmonized standards are applied to product design to demonstrate a presump-
tion of conformity with the General Safety and Performance Requirements (GSPRs)
of Annex I in MDR.

As a guidance for the manufacturer in the completion of the medical device
requirements checklist, harmonized standards often have an appendix (Annex Z)
which provide a “map” from the clauses of the standard to the sections of the
applicable regulation (e.g., MDR). Meeting these requirements in the standard
gives the presumption of conformity to those parts of the regulation.

Some of the hundreds of harmonized standards can be considered applicable to
the device under question, depending on the scope of the standard. Since such
standards prescribe precise procedures to evaluate specific aspects and conditions,
it is of utmost importance to identify applicable standards before starting the device
design.

In Europe, harmonized standard can be searched for in databases of recognized
standards maintained by Regulatory Authorities or webstores of standards organi-
zations for the device type (e.g., ISO, IEC). A similar approach can be followed in
the USA: standards that have been recognized by the FDA (either wholly or in part)
are maintained and are searchable in the FDA’s Recognized Consensus Standards
Database [3] which is searchable in terms of product code. Standards for which a
non-recognition determination has been made are listed in the Non-Recognized
Standards Database.

Thus, during the phase of conception and development of a medical device, the
manufacturer is expected to know the essential requirements indicated by EU
regulation as well as the harmonized standards, if any, associated to the require-
ments. The most common requirements for an active medical device are:

¢ Electrical safety

* FElectromagnetic compatibility

e Usability

* Biocompatibility

* Optional (if in the intended use): additional requirements for home use, alarm
systems, emergency medical services environment

For example, IEC 60601-1-8 is a harmonized standard that applies to safety and
performance of medical electrical equipment and provides specific requirements for
alarm systems and alarm signals in medical electrical equipment and medical
electrical systems. The scope of the standard concerns medical device when an
alarm condition is present. If the alert signal is intended only to provide information
to the user, it can be justified that the standard is not applicable. Otherwise, if the
medical device provides an alarm condition, the standard applies and the alarms
must follow specific requirements in terms of signal frequency and amplitude.
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If a medical device represents an emerging technology, standards may not yet
exist or be in a draft form. If a standard is in draft form, it may be worth asking to the
Regulatory Authority whether and when the standard under development will be
recognized.

It must be also considered that the standards evolve as they can be either amended
or revised. There is usually a transition period established for manufacturers to
identify the changes of the standards and to adapt to the amendments and changes
introduced.

In Europe, after this transition period, presumption of conformity ceases. Thus,
during the entire device lifecycle, manufacturers are expected to be aware of changes
in the harmonized standards they have used to demonstrate the conformity to the
essential requirements. A different approach is followed in the USA, where the
conformity assessment shall not be repeated if a standard is updated.

The international standard ISO 14971:2019 [4] supports manufacturers providing
a framework including risk analysis, risk evaluation, and risk control for risk
management to be adopted not only in the design phase, but also in the following
phase of development, manufacturing, as well as of monitoring the safety and
performance of the device after sale.

Some degree of risk is obviously inherent to the use of any MD and this risk’s
acceptability level is often conditioned by the stakeholders’ own perception of risk,
cultural diversity, educational proficiency, and patients’ profile. Therefore, under-
standing how users will interact with the MD within their environment is vital for
good design. As such, during the design stage, the first thorough control of an MD is
implemented as part of the Quality Management System (QMS) requirements. MD
design control is currently regulated by the updated ISO 13485:2016 [5] and
National and International guidelines such as FDA 21 CFR, Part 820 [6] and
MDR 2017/745, which, while varying in scope, history, and phrasing, interrelate
in regulating QM procedures used to corroborate intended performance and risk
reduction for an MD.

5.2.2 Manufacturing: Good Manufacturing Practice
and Quality Management System

Manufacturing process of medical devices must guarantee the release of only
products that conform to the specifications defined by the manufacturer and will
work exactly how they are intended to. From a regulatory point of view, such an
approach is guaranteed if the manufacturer has a quality management system
according to the international standard ISO 13485 [5].

A medical device quality management system (QMS) is a structured system of
procedures and processes covering all aspects of design, manufacturing, supplier
management, risk management, complaint handling, clinical data, storage,
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distribution, product labelling, and more. Most medical devices will require some
form of a QMS; the complexity of the QMS will vary based on the classification of
the device

When applied to the manufacturing process, QMS requirements for MD impose
strict quality assurance on every aspect of production. The result is a tightly
controlled manufacturing system, commonly known as Good Manufacturing Prac-
tices (GMP), which reduces the likelihood of non-conforming products. This prac-
tice ensures consistency in the quality and provides the basis for greater reliability in
device safety and performance. Elements of the quality system are periodically
subject to audits, management review, and corrective or preventive actions that
will maintain product quality. Continuous monitoring and corrective action require-
ments are interrelated to post-market surveillance previously described.

The key advantage regarding QMS is that they represent a preventive approach to
assure medical device quality versus the previous reactive approach by inspection
and rejection at the end of the manufacturing line. Prevention has been proven to be
more efficient and cost-effective in controlling manufacturing processes and
maintaining medical device quality.

It is important to note that since the majority of medical devices are in the
medium- to low-risk classes, their compliance with regulations often depends
upon the declarations of manufacturers. Thus the question of quality assurance
naturally arises. This is why it is critical for manufacturers to conform with quality
system standards and for this conformity to be subject to periodic audit by govern-
mental or third-party agencies.

Quality system requirements can vary from country to county for their manufac-
turers, who are subject to periodic inspection by the government and/or accredited
third-party agencies. The applicable standard is determined by the risk class of the
device and depends upon the regulatory system of the country or region.

5.2.3 Packaging and Labelling: Information to Report
and Symbols to Use

The packaging and labelling of medical devices are considered in the General Safety
and Performance Requirements (GSPR, from MDR) in Europe and are also of
considerable importance in the USA; in particular, they must be designed in detail
and described in the technical documentation supporting the regulatory approval.

As for the other essential characteristics, also for the packaging and labelling of
medical devices, international standards can be referred to. They define the infor-
mation that must be given and how to report on it. In addition to what is reported in
the “horizontal” standards, it is necessary to check whether specific indications are
given in the “vertical” product standards.

There are also some FDA guidance documents that specify the labelling require-
ments for specific products or product categories [7, 8].
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In the USA and in the EU, medical device labels must contain a Unique Device
Identifier (UDI), a unique special barcode for each item which allows to adequately
identify the product and the manufacturer. A UDI code aims at an unambiguous
identification of a specific medical device. To ensure a globally standardized and
harmonized system, the UDI code must be issued under the rules of a US
FDA-accredited issuing agency or an EU-accredited assigning agency, which
includes GS1.!

The symbols used in medical device labelling that convey information on the safe
and effective use of medical devices are identified in the international standard ISO
15223 [9]. This standard is of great help to support the manufacturers in preparation
of labelling and accompanying documents. The standard is applicable to symbols
used in a broad spectrum of medical devices, which are marketed globally and
therefore need to meet different regulatory requirements. Symbols may be used on
the medical device itself, on its packaging or in the associated documentation.

5.2.4 Advertising: Local Laws and Truthful Statements

Adpvertisement has the potential to create expectations and powerfully influence the
belief in a medical device’s capabilities. In addition, misleading or fraudulent
advertising of medical devices may increase sale. However, from the buyer’s
perspective, the purchase of an inappropriate medical device is a waste of money
that may deprive the patient of more appropriate treatment and could lead to patient
or user injury. In order to prevent misrepresentation of a medical device, its intended
use and its performance, the medical device market is regulated by a series of
national and international standards or laws that specifically address the advertise-
ment of such items.

In general, advertising of medical devices is less regulated than advertising drugs.

Some European countries have no specific regulation but only general rules
concerning the promotion of a medical device. Some other European countries as
well as the USA have instead special laws, and even the involvement of health
professionals in the advertisement of a medical device can be considered inappro-
priate or can be forbidden. Other legal issues to be considered before starting the
promotion of a medical device refer to rules on data protection, consumer protection,
product liability, safety and performance requirements and restrictions related to the
age of the target group.

These must be always considered by the vendor when the MD is put into the
market. In particular, every vendor’s declaration on the medical device must be
based on the clinical data that comes from:

'GS1 is a not-for-profit organization that develops and maintains global standards for business
communication. The best known of these standards is the barcode, a symbol printed on products
that can be scanned electronically. (Taken from Wikipedia—retrieved on May 18th, 2021)



92 F. Censi et al.

— clinical investigation(s) of the device concerned

— clinical investigation(s) or other studies reported in the scientific literature, of a
device for which equivalence to the device in question can be demonstrated

— reports published in the peer reviewed scientific literature on other clinical
experience of either the device in question or a device for which equivalence to
the device in question can be demonstrated

— clinically relevant information coming from post-market surveillance, in partic-
ular the post-market clinical follow-up

In the promotion of the device, therefore, each characteristic mentioned must
have a specific feedback from the clinical evaluation.

5.2.5 Sales: Responsibility of Manufacturers, Distributors,
and Importers

The sale of medical devices is a critical stage that leads to the device being put into
actual use. The requirements prescribed by the QMS regulations try to minimize the
risk of exposing the public to low quality or ineffective devices. In the last years, and
in particular with the new EU MDR, the regulatory requirements specific for
vendors/distributors have become more explicitly formulated. Distributors have to
verify that the medical devices they sell meet all the necessary requirements. In EU,
for example, distributors must check whether the medical devices are CE-marked
and have a valid declaration of conformity. Also, they must ensure that the instruc-
tions for use (IfU) and labels of the products are available in the official language of
the countries in which the product is sold. In the case of imported medical devices, it
must also be checked whether the importer fulfils his regulatory requirements. This
means that the distributor assumes part of the responsibility for the conformity of the
products. In case a distributor has reason to believe that a device is not in conformity
with the requirements prescribed by the in-force regulation, he is not allowed to put
the devices on the market, and is obliged to inform the authorities if he suspects that
the product is falsified or poses a serious risk. In addition, the distributor should keep
a register of complaints, of non-conforming devices and of recalls and withdrawals,
which plays a key role in ensuring the traceability of the device. As a consequence of
this joint responsibility, an intense cooperation between manufacturer and distributor
is necessary, and the evidence of this cooperation has to be documented within the
QMS of the manufacturer.

An important aspect which deserves particular attention is the regulation of the
online market of medical devices. Similarly to drugs, some medical devices cannot
be sold without prescription. Thus, in case the vendor makes these devices available
online, a healthcare professional must be somehow involved. In addition, given the
global nature of many e-commerce distributors, it is not easy to verify that the device
sold online is compliant with all the national regulation in force in different
countries.
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As mentioned above, medical devices can be sold by the manufacturers them-
selves, by distributors, or by importers. Each of these actors has different obligations
from a regulatory point of view that also vary from country to country. For example,
a non-European manufacturer can sell in Europe but must have a legal representative
in Europe. An importer of medical devices in the USA must register with the FDA.

5.2.6 Use: Correct Information to the User and Post-market
Surveillance

Manufacturers are required to ensure that the instructions for use of their devices
comply with regulatory requirements, both in Europe and in the USA. If the
instructions for use do not comply with the regulatory provisions, the competent
supervisory authorities can order a blocking of marketing or sales.

In fact, manufacturers can be held responsible not only for injuries resulting from
the use of an unsafe or defective device, but also for injuries suffered by patients or
users who have used the device improperly because the instructions for use were
formulated in confusing, wrong, or incomplete way. This also applies to incorrect
information in translated versions of the operating instructions. The responsible
party is in any case the manufacturer, regardless of who the manufacturer has
hired to translate the instructions for use.

Regulatory requirements for the instruction for use can be found in the MDR in
Europe as well as in FDA guidance documents for the USA.

Once the device reaches the market and it is used by patients or healthcare
professionals, the manufacturer must monitor the product on the market, assessing
its positive and negative effects, implementing inspections, reporting adverse events,
and addressing complaints.

This activity is defined as post-market surveillance and is regulated by precise
rules and laws.

Indeed, competent medical device regulatory authorities are increasingly focus-
ing on post-market surveillance, both in the United States and in the European
market. On the other hand, post-marketing surveillance is an effective strategy to
know in time potential defects in the design or implementation of a device, and to
express the manufacturer’s commitment to the end user, allowing for continuous
improvements.

In Europe, regulations require manufacturers to implement a Post-Market Sur-
veillance (PMS) plan as part of their technical documentation. The plan must
produce PMS reports (PMSR, for class I medical devices) or periodic safety update
reports (PSURs—Periodic Safety Update Report—for class Ila, IIb, and III medical
devices).

These reports present results and conclusions of the data collected from the post-
market surveillance plans, together with the rationale and description of any correc-
tive and preventive actions (CAPA) taken.
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Manufacturers should also report benefit/risk conclusions, key clinical follow-up
results, sales volume, and characteristics of the estimated user population and
frequency of use in the PSURs.

The PMS plan must proactively consider information regarding serious and
non-serious incidents, side effects, trending reports, feedback or complaints pro-
vided by users, distributors or importers of the medical device, and information
available on similar devices.

In the USA, the FDA has published a guidance document setting out recommen-
dations for post-market surveillance [10]. The document is not binding, but it defines
best practices for implementing the PMS process.

FDA may identify device issues that are appropriate for post-market surveillance
at any point during the lifecycle of a device. Such issues may be identified through a
variety of sources including analysis of adverse event reports, a recall or corrective
action, to evaluate the safety and efficacy of devices that have undergone limited
pre-market testing or to obtain more information on the performance of the device in
real-world clinical practice.

In this case, the manufacturer is required to submit a PMS plan, which must
include, among other things, a background, a description of the device, and direc-
tions for use.

The PMS plan must specify: the patient population to be analyzed (including
inclusion and exclusion criteria for patients), the calculation of the statistically
significant sample size, primary and secondary endpoints, a list of adverse events
of expected complications, and an agreement to collect unexpected adverse events.
The follow-up program should be detailed and described together with the duration
and assessment procedures.

A final post-market surveillance report has to be presented to FDA, which will
determine if the manufacturer has satisfied the PMS issue. Sometimes the results of
the post-market surveillance raise new issues or questions, thus additional actions
may be required, as for example changes to the labelling of the device, new post-
market surveillance order to address new issues, or administrative actions.

In the next paragraph, a real example of the lifecycle of a medical device will be
shown, from the initial idea to the marketing, which tells the path followed and the
choices made in practice.
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5.3 A Case-Study: Development of a Device for Cardiac
Arrhythmia Detection, for Personal Use

5.3.1 Conception and Development: From the Idea
to the First Prototype

The Clinical Need Unmet

The idea stemmed from the research activity of bioengineers, investigating, from an
engineering point of view, cardiac arrhythmias, to improve understanding of the
underlying mechanisms (Fig. 5.2).

In carrying out these research projects, in cooperation with clinicians and general
practitioners (GP), they realized that one unresolved problem with cardiac arrhyth-
mias was the timely detection. The pathology is in fact detectable only if it occurs
during an electrocardiographic (ECG) examination (so-called occasional finding),
which, due to the peculiar characteristics of this disease, remains a rather rare
coincidence, being often asymptomatic and intermittent. Being asymptomatic, like
a tumor in the earlier phase, it is unusual to undergo a medical examination for its
specific assessment, so it happens to be affected when it is too late and, in most cases,
when a concomitant and more serious pathology occurs. It also appears to be
intermittent and leaves no marks, so very often it happens that it is not diagnosed
during an occasional cardiology check-up. Its diagnosis is a real challenge. It is
necessary to be in the right place at the right time. Or it would be necessary to
undergo an ECG examination every day, to increase the probability of diagnosing it,
but this solution was obviously not practicable, nor sustainable with the available
technologies. In conclusion, an effective detection of cardiac arrhythmias was, at that
time, a clinical unmet need for a very large portion of population.

|2
@
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The Idea of the Device

The idea to meet the clinical need of a diagnosis turns out to be easily sustainable and
practicable, by using the latest technological achievement in the field of electrical
components and computational power. A device as small and light as a plaster, to be
worn and used once or twice a day, on every day for a few minutes, allows to
automatically detect the presence of this pathology. The device is attached to the
patient by means of an adhesive electrode, similar, but not equal, to those used
during an ECG examination. Once the ECG signal has been acquired, it is processed
on-board and the results in term of diagnosis are provided by an immediate feedback
directly to the user, like a thermometer for fever. The idea is simple but its realization
required skills and in-depth studies. The major challenge is to “put” inside the device
the knowledge of a cardiologist who can diagnose the disease. The algorithm that
performs the diagnosis is the result of years of studies and has been patented. To
move from the idea to the developing of a marketable device, a start-up was created
and a fund-raising activity was carried out.

The Context

The alternatives that were on the market when the device was still just an idea were
based on sending the cardiac signal data to a platform, where it was reported by
medical personnel. These solutions have found limited interest and market develop-
ment due to the lack of identification of the forms of reimbursement and financing.
Further, the difficulties arose of overcoming the regulatory constraints of the medical
sector by companies with consolidated positioning in different markets (ICT, inter-
net applications). Another critical issue of these platforms is the fact that the
technological skills necessary for their functioning are far greater than that possessed
by the users of these solutions. People at risk, e.g., the elderly, in most cases still
have major difficulties using a smartphone. The e-health solutions that involve the
use of similar multimedia supports have in fact found little application all over the
world. Finally, the need to have a team of medical specialists for reporting makes
these solutions hardly sustainable for the national health systems worldwide. The
solution implemented in the device does not require particular ICT infrastructures,
nor data transmission or the presence of healthcare professionals. Intelligence is
integrated, on-board, and patient feedback is immediate and simple, managed with
an easily understandable indicator.

Thus, the device is highly innovative both from a technical point of view, given
the innovative algorithm, and from the point of view of positioning on the market,
since it is a self-measurement device for a specific pathology and does not require the
intervention of a physician.
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The Competitors

During the development of the device, other solutions have been developed and
proposed to the market that allow the automatic home diagnosis of the pathology.
Some solutions were based on the analysis of physiological signals other than ECG,
a sort of a surrogate signal, whose characteristics may change when the disease
occurs. The biggest flaw of these solutions derives from the analysis of a signal
which is an ECG surrogate, and which leads to many misdiagnoses. Other existing
solutions are represented by implantable technologies, which allow for continuous
monitoring of the heart and therefore also for the diagnosis of disease. These devices
represent an unsustainable solution in terms of cost and impact for the national health
system (or other payers). In fact, the implantable devices must be inserted in the
patient’s body through a surgical intervention in the hospital. The price of such
device ranges from 2500 to 3000 €, to which must be added the cost of the patient’s
hospitalization and the intervention. They are safe and reliable devices, but have
been developed to diagnose other diseases. Finally, they are not self-measuring
devices, because the data that the device records are sent daily to the reference
clinical center for analysis, and therefore foresee a significant and practically
unsustainable impact for the resources of the healthcare system.

More recently, other devices have been developed and marketed, very similar in
terms of intended use, target population, non-invasiveness, and automatic diagnosis.
The presence of equivalent devices has more pros than cons and it is always good
news. Clinical studies of equivalent devices allowed to understand strengths and
weaknesses of the proposed technology, leading often to improvements in terms of
usability and accuracy. Furthermore, and not less important, clinical studies were
precious resources in the clinical validation process necessary for regulatory aspects
and they have been extensively cited and analyzed in the clinical evaluation report.
Equivalent devices will serve as predicate devices in FDA pre-market clearance
pathway, as a point of comparison to demonstrate substantial equivalence.

From a marketing point of view, little effort had to be made to lead the way, since
potential users were already aware about the potential of innovation, having used
equivalent devices.

The Requirements

The basic claims for the device in terms of both safety and effectiveness were:

* High quality ECG signal

* High accuracy algorithm

* On-board diagnosis using recommended guidelines
* Ease of use

* Reusable electrode

* Low overall weight

* Electrical safety
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Table 5.1 Traceability matrix for the cardiac arrhythmia detection device

PASS/
# | Requirement | Implementation Verification criteria FAIL
1 | High-quality | State-of-the-art electronic com- | Compliance with the IEC PASS
ECG signal | ponents in the field of acquisition | 60601-2-47:2012 Medical elec-
and processing of signals in the | trical equipment—~Part 2-47:
medical field and in abundance, | particular requirements for the
according to the forecasts of the | basic safety and essential per-
sector itself formance of ambulatory elec-
trocardiographic systems
2 | High-accu- Clinically validated algorithm Compliance with the IEC PASS
racy using proper database 60601-2-47:2021 Medical elec-
algorithm trical equipment—~Part 2-47:
Particular requirements for the
basic safety and essential
3 | Reusable Custom-made ECG reusable Minimum of 300 measurements | PASS
electrode electrode with the same electrodes, with-
out loss of ECG quality and
diagnosis capability
4 | Low overall | Use of small form factor surface | Maximum size 6 X 4 x 1.5 cm; | PASS
size and mount electronic components; maximum weight 20 g
weight use of low consumption elec-
tronic integrated circuits, able to
work with a single 3 V coin
battery
5 | Ease of use | Stand-alone device with a simple | Compliance with the standard PASS
interface based on a traffic light | IEC 60601-1-6 Medical electri-
indicator, a single push button cal equipment—Part 1-6: Gen-
and a buzzer eral requirements for basic
safety essential performance—
Collateral standard: Usability
6 | Electrical 3 V operating voltage; plastic Compliance with the standard PASS
safety case without any metallic parts; | IEC 60601-1-Medical electrical
use of current-limiting resistors | equipment—~Part 1: General
to limit current through the two | requirements for basic safety
patient electrodes and essential performance

These claims lead to the following technical requirements:

 State of the art electronic components in the field of acquisition and processing of
signals in the medical field and available on large stock, according to the forecasts
of the sector itself

e Surface-mount electronics for the acquisition of the EGC signal and for its
subsequent conditioning and analysis

* Clinically validated algorithm using proper database

* Low consumption electronic integrated circuits

* Custom-made ECG reusable electrode

The requirements traceability matrix is reported in Table 5.1
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The device shall comply with the regulatory frameworks for medical devices
worldwide. Since the intended use is to make a diagnosis related to the cardiovas-
cular system, the device has a moderate to high risk, which, for example, put it as a
Class Ila device under MDR, and in class II in the USA, where it requires a 510k
clearance.

As far as the regulatory requirements are concerned, the standards related to the
electrical medical devices were taken into account, such as the 60601 family. In
particular the standard about safety (IEC 60601-1), electromagnetic compatibility
(IEC 60601-1-2 [11]), and home use (IEC 60601-1-11 [12]) were considered.
Although there is no specific product standard for the device, the IEC 60601-2-47
[13] standard has been taken into consideration, since this standard is claimed in
similar devices already on the market, and provides for tests both as regards to the
electronics and as regards to any ECG signal analysis algorithms.

Also, since the device contains a firmware, the standard IEC 62304 for the
software development has been accounted for.

Finally, the biocompatibility has been analyzed in order to pass the tests foreseen
by the standard ISO 10993.

All these standards are recognized worldwide, so the compliance to them guar-
antees to overcome regulatory constraints in many countries around the world.

As a part of the validation, the clinical validation process has been of extreme
importance. Since equivalent devices were already on the market, in terms of
intended use and principle of functioning and usability, the clinical validation was
based on the review of existing literature.

The Prototyping

The design process starts with a first prototype, involving component selection,
development boards of the integrated chips and custom-made circuits using in-house
resources for printed circuit board (PCB) and case prototyping. Since the
prototyping phase, attention was paid to component cost and regulatory require-
ments. At this stage it was found to be cost and time effective to develop PCB using
precision mill and cases using 3D printers. Up to 15 PCB prototypes have been
designed and realized in order to optimize several aspects such as supply voltage,
power consumption, means of electrical isolation, gain and resolution of the ECG
front-end, and so on. The prototyping phase took about 3 years.

When prototyping was close to the final phase, the product was presented to a
large company of electro-medical devices in order to have an industrial partner to
move to the next phases of the project. The partner was selected among companies
with a consolidated business in design, production, and distribution of medical
devices. An agreement was signed for the development of the project. The agree-
ment was based on the joint development of the device, leveraging the strengths of
the two companies. This refers to strong market positioning worldwide, highly
efficient/high quality manufacturing and leadership in personal health product inno-
vation on the one hand, high scientific background in cardiovascular diseases, strong
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commitment on research and innovation and high expertise in medical device
regulatory field on the other.

This agreement made it possible to obtain the funds and the corporate structure
necessary to reach the marketing stage. In particular, a strong industrial partner
allowed for a more competitive and effective selection of suppliers and distributors.

5.3.2 Manufacturing: Choice of Suppliers and Mass
Production

In the design of the device, the suppliers were identified for the following activities:
PCB and component assembly, production of plastic case, production of packaging
and labels, etc. In particular, four main suppliers were involved for the device: one
for the PCB manufacturing and electronic components assembly, one for the device
plastic case, one for the electrodes, and one for the final assembly and testing. These
suppliers were chosen as a trade-off between cost and quality requirements (e.g.,
certification [6]) among those that already had a consolidated relationship with the
industrial partner.

Once the project was frozen, it was possible to start developing the production
procedures, indicating the methods and times in which each supplier had to operate.
Particular attention must be paid to the Bill of Materials (BOM) and to the correct
placement of the components on the PCB, to avoid high-rate failure during mass
production. It was wise to stock up on the necessary components, since delivery
times can be up to several weeks and production can be slowed down and delayed in
the face of new orders.

In the production procedures, it was essential to indicate exactly all the actions
that the workers will have to carry out, also with the help of photos and drawings.

A very important part is that relating to the final test, which was done in
outsourcing. A specific testing bench has been first designed, then validated and
adopted to verify all the most critical functionality of the device, before its release for
sale. For the final test it was decided to produce log files in which the outcome of the
test (positive or negative) was recorded, in order to be able to manage any trace-
ability. Log files were regularly sent to the manufacturer for a double check. The
activity needed to plan the mass production took nearly 1 year.

5.3.3 Packaging and Labelling: A Compromise between
Regulatory Restriction and Brand Message

The packaging box was developed taking into account that, since the device was first
sold in Europe, all the written information must be translated into 26 languages.
Thus, it was chosen to privilege images that explain the use and content, describing
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in words only the essential information, such as explanations of the indicators used
in the device. The stylistic aspects were instead developed and deepened in order to
recall the brand message.

The box has been designed in such a way that it can contain the device without
damaging it, taking up as little space as possible. In addition, the volume occupied by
the user manual, also necessarily translated into 26 languages, was considered.

Since the device is very small, the label on the device has been kept as synthetic as
possible, reporting only the mandatory information according to the respected
international standards.

5.3.4 Advertising: The Target is the Patient

The business idea, developed from a specific clinical problem and healthcare cost
containment, is based on the intention of making the patient participate in the model
of care. In fact, only the patient can carry out self-measurements on a daily basis,
exactly as holds true so far for diseases such as diabetes.

The device is available for all patients (in particular for those at risk) in pharma-
cies (or para-pharmacies or stores for healthcare products) as well as online. Given
the low cost of the device and the advantages in terms of savings for the healthcare
services, forms of purchase incentives could also be considered, promoting the
conscious participation of the entire population of an age judged to be at risk.

Customers are therefore the patients themselves who, to avoid serious conse-
quences related to the disease, would be encouraged by physicians to purchase the
product.

5.3.5 Sale: Distribution Network and Personnel Training

The marketing was entrusted to the network of agents, distributors, and importers of
the industrial partner.

As the company was active in a medical field other than cardiology, it was
necessary to expand the skills and knowledge of sales force.

It was very important to make the marketing personnel understand the strengths
of the product compared to the competition, such as greater accuracy, the possibility
of use with and without an “app,” and the quality of the acquired signal. This was
possible thanks to an intense training activity of company employees.

Furthermore, the direct sales channel in the pharmacy was an important challenge
because it was outside the marketing activities carried out up to that moment.

Post-market surveillance is based on the procedures already set for other devices
of the industrial partner.
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5.3.6 Use: Attention to Possible Misuses and Customers
Reviews

To avoid dangerous misuses of the device whose intended use is the exclusive
diagnosis of a specific cardiac arrhythmia, many warning and caution messages
were given in the user manual. They alert that other diseases that require emergency
intervention or that are outside the intended use must be diagnosed and managed in
other ways.

Another important issue concerning the use is the right positioning of the device
on the body, so explanatory drawings were added to the manual to clearly outline the
required placement.

The product will be used directly by patients, therefore in the analysis of the
usability of the product, reviews available through social media (websites of online
sales channels or of the industrial partner) will also be collected and evaluated.

Conclusion

Even though the lifecycle of medical devices follows that of other products, the
peculiarities in terms of rigorous testing to be carried out, third-party controls and in
general the guarantee of safety and effectiveness both before and after the sale, are
evident. It is therefore of utmost importance to know all these aspects when deciding
to develop a new medical device, so that it can be put to market ensuring the safety of
users and improving the health of patients.

Take Home Message

— Being used on patients, medical devices are a special class of products and
for this reason they must obey to a specific set of standards and regulations
over their overall lifecycle. This compliance must be ensured by the
different involved stakeholders, from the inventor to the final user.

— One important aspect is to ensure the post-marketing surveillance as an
effective strategy to spot any potential flaws of a device and allowing for
continuous improvements and reduction of potential risks.

— To reduce the risk for patients and operators, the correct use of medical
devices must be highlighted. This brings special attention to the need of
clear and comprehensive instruction for use and to the importance to ensure
adequate training for professional or lay operators.

— The global nature of the medical devices market stresses the requirement to
comply with international regulations, but also to the need register or
licensing the device in the different countries where the manufacturer
would like to sell.
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Chapter 6 )
The Medical Devices in Healthcare Provider <o
Organisations

Carlo Boccato

Abstract Medical devices impact the daily practice of healthcare provider organi-
sations. Elements that contribute to the quality of the healthcare treatment and how
they are organised will be discussed in this chapter.

Medical devices in their different declinations and definitions must be considered
in respect to their overall life cycle to achieve the best results.

A healthcare provided organisation is a complex system characterised by many
multifaceted and non-linear connections among the different components and actors.
The adoption of complex medical devices introduces additional factors that increases
this complexity. System thinking and a holistic approach are required for the
successful management of the activities and to ensure safety and quality of care.

The case of haemodialysis treatment is taken as a paradigm for the application of
a complex medical device system for the treatment of a chronic disease, analysing
the impacts of the technology on the infrastructure and government of the healthcare
provider.

Introduction
Elements that contribute to the quality of the healthcare treatment and their applica-
tion and organisation need to be considered. In the following a comprehensive
picture will be given about the introduction and operation of the medical devices
of different complexity in Healthcare Provider Organisations (HPOs). The term HPO
identifies every organisations devoted to the diagnosis and treatment of illness or
making rehabilitation, considering both in- and outpatients. Most of the following
considerations are valid both if the healing actions are conducted inside the organi-
sation itself and when the medical device is used at patient’s home under the
supervision and responsibility of the HPO.

The starting point is the analysis of the elements that contribute to the quality of
the service given to the patients and community and the impact that the application
of medical devices has on these elements.
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Milano, Italy
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To ensure the best effectiveness and efficiency, the decision maker should
carefully consider all the aspects concerning the requirements and implications for
the operation of the medical device along its complete life cycle.

An HPO can be described as a complex system characterised by many multifac-
eted and non-linear connections among the different components and actors. The
healthcare system includes actors ranging from representatives of manufacturers and
insurance companies as well as policymakers, to healthcare professionals and
patients. The adoption of medical devices, besides the improvement of the patient’s
outcome, may introduce additional factors escalating this complexity. A holistic
approach and a system thinking orientation are required for the successful manage-
ment of the HPO and to ensure safety, quality of care and risk mitigation.

The case of dialysis treatment will be analysed as a possible paradigm for the
application of complex medical devices to the treatment of a chronic disease.

6.1 Setting the Issue

In the following pages we will make reference to the concept of Healthcare Provider
Organisation (HPO) as any organisation taking care of patients and aiming at the
improvement of their health and quality of life.

This may span from a small single-speciality centre treating a single pathology to
a large multi-speciality hospital. The successful operation of the HPO requires to
focus on a variety of factors such as the quality of delivered care, the reduction or
control of the risks for patients and caregivers and the efficient use of the resources.

An HPO, as most human organisations, can be described as a complex adaptive
system (CAS)." To successfully manage an HPO many aspects and agents, usually
interacting through non-linear relations should be considered. The introduction of a
medical device or any complex technology generates different technical and admin-
istrative reactions and needs that must be governed [1].

The extensive use of medical devices has an impact on the design and govern-
ment of the HPO. This is valid both if the device is operated inside the organisation
and when it is used at the patient’s home under the remote supervision and respon-
sibility of the HPO. In this case, the institution’s management should ensure that the
patients and caregivers receive the adequate information and training (as applicable)
and that the environmental conditions for the successful and safe operation of the
device are met, e.g. granting hygiene and compliance to electric safety standards.

To analyse the topic, it is important to clearly define what it is intended with the
term healthcare technology and what are the target of the HPO in terms of delivered
performance and quality.

'CAS, a system such as a business or other organization that consists of many connected parts
which should change as conditions change in order to succeed (from: Cambridge Business English
Dictionary © Cambridge University Press).
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6.1.1 Healthcare Technology and Medical Devices

The term healthcare technology, as emphasised in the following definition, may
refer to a set of very different tools and methods including the medical devices
themselves, pharmaceutical products, and vaccines. Although the latter are outside
the scope of this book, they might be used in association with a medical device.
Health technology has been defined by WHO [2] as the “application of organized
knowledge and skills in the form of devices, medicines, vaccines, procedures and
systems developed to solve a health problem and improve quality of life. It is used
interchangeably with healthcare technology” (terms emphasised by the author).
This definition stresses some very important elements. The objective to solve or
alleviate health problems or to improve the Quality of Life (QoL) is achieved with:

» Use of devices
* Organised knowledge and skills
* Procedures and systems

It is underlined that the successful application of technologies in healthcare
requires the background of a corpus of organised knowledge, skills and procedures.

The given definition of health technology makes reference to the large class of
medical devices. For these, the most widely recognised definition is:

Medical device is any “article, instrument, apparatus or machine that is used in
the prevention, diagnosis or treatment of illness or disease, or for detecting,
measuring, restoring, correcting or modifying the structure or function of the body
for some health purpose. Typically, the purpose of a medical device is not achieved
by pharmacological, immunological or metabolic means™ [2].>

As it can be inferred by this definition, the term medical device identifies a very
wide category of products: from a simple wooden tongue depressor, to a Personal
Protective Equipment (PPE), to a dialysis filter, up to the most complex magnetic
resonance system.

It is also worth to add a further categorisation that can help to underline the
difference between “simple” and “complex” medical devices that may involve a very
different technical and managerial approach by the HPO.

For this reason, it is useful to add the definition of medical equipment as:
“Medical devices requiring calibration, maintenance, repair, user training, and
decommissioning — activities usually managed by clinical engineers. Medical
equipment is used for the specific purposes of diagnosis and treatment of disease
or rehabilitation following disease or injury; it can be used either alone or in
combination with any accessory, consumable, or other piece of medical
equipment.

This definition is proposed by WHO, but is substantially in line with European Medical Devices
Regulation (MDR) and other standards and normative references. Refer to Chap. 4 of this book for a
further clarification of the topic.
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Medical equipment excludes implantable, disposable or single-use medical
devices” (terms emphasised by the author) [2].

The concept of medical equipment, even if not considered in these terms within
standards like the European Medical Devices Regulation (EU-MDR), is helpful to
emphasise the specificity of the more complex medical devices. They require
calibration, maintenance, repair, commissioning/decommissioning and can be used
in combination with other medical devices, like consumables.’

The words highlighted in this definition identify the main competence and
responsibilities of managers and operators in the healthcare institution for the
operation of complex medical devices over their full life cycle (see also Chap. 5).

The case of the artificial kidney or haemodialysis will be presented in Sect. 6.4 as
a possible paradigm of the use of medical devices of different complexity for the
treatment of a chronic disease.

The treatment is based on the use of a medical equipment that must be used in
combination with consumable medical devices, like dialysis filters, tubing and
needles.

6.1.2 The Quality in HPO

In recent years, great attention has been paid to the evaluation and possible improve-
ment of the quality of the services delivered to patients by hospitals and other
healthcare provider organisations. This, together with the cost reduction, is presently
considered among the most important issues in healthcare management for the
improvement of the value of care (see Chap. 10).

The use of medical devices and equipment has a strong impact on the perfor-
mance and organisation of the HPO and is of course influencing the quality of the
delivered treatment. For this reason and for the sake of our discussion, it is useful to
make reference to a model describing the quality in healthcare. Many different
approaches have been used to assess the quality of care delivered by a HPO, but
the most commonly credited ones are the models developed by A. Donabedian and
the one proposed by Lohr and Schroeder [3].

Despite already developed in 1966, the Donabedian’s paradigm is still a widely
accepted model for healthcare quality [3] and will be adopted to support the
considerations in the following pages.

This model shows that the quality is obtained by the management of different
activities and is constructed by the adequate contextual conditions [3].

This paradigm is based on three components, as summarised in Fig. 6.1.

3For the sake of brevity, the terms device will be also used when referring to equipment or complex
medical device. The reader should anyway keep in mind the possible implications due to the
difference between the two elements.
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> Infrastructure >> Process >> Outcome >

Fig. 6.1 The elements of the Donabedian’s model for HPO quality. (Adapted from [4])

By structure the model refers to the factors related to the internal organisation and
management system of the HPO. This includes the human, material and financial
resources as well as the managerial actions to take care of these elements. In this text
we will refer to this setting as “infrastructure” to emphasise the important contri-
bution of the material resources (see also Fig. 6.2).

The second component in Fig. 6.1 concerns the process put in place to achieve the
required results. This includes the technical competences in a broader sense,
e.g. including both medical and engineering know-how, and the cooperation
among the operators. Another key aspect is the implementation of the procedures
aiming at the control and possible reduction of cost and risks connected with the
treatment.

Results or outcome refer to the patient’s health status, relief of symptoms, and
improved functionality.

The term outcome includes the evaluation whether the goals of care have been
accomplished, but includes also the evaluation of the final patient’s health status, the
cost of care and—not least—the patient’s satisfaction and the sustainability of the
achieved health status.

Even if not always considered in these terms and by the Donabedian’s model, the
results should include the creation of value for all the involved stakeholders. This
includes the benefits for patients and community, the reduction of the cost for the
payor for the treatment and the generation of appropriate profit for the HPO owner
itself (see also Chap. 1).

It is also useful to split the outcomes into intermediate (like operating site
infection rate) and final (i.e. the final effect of the provision of care, like health
status, disability level or death) [4].

It is important to note that any healthcare action may have an impact not only on
the patients itself, but also on patient’s relatives and the whole community.

The contribution of patient’s relatives is generally underestimated. Moreover, it
can be expected that this involvement will not be available in the near future due to
the new reality of the family and community organisation. This would lead to higher
need for healthcare professionals and cause higher healthcare financial burden.

The health outcome involves the assessment of a set of specific indicators. These
are based on patient’s clinical status or on the measurement of the treatment
performance (see Chap. 10). Both can, in many cases, directly be assessed by the
medical equipment itself through the use of dedicated sensors and computation
algorithms (see case report on haemodialysis).
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In the following the analysis will be focused on the infrastructure and on the
processes as they are influenced by the introduction of medical devices and
equipment.

6.2 The Role of the Infrastructure

Many authors underline the importance of the infrastructure for the delivery of good
healthcare services. The WHO includes the infrastructure improvement among the
elements to overcome the weaknesses of many healthcare systems [1].

We define as facility infrastructure the set of all the components which allows an
HPO to deliver the required services. Figure 6.2 gives a synthetic overview of the
main elements. All these are strongly influenced by the introduction of the medical
devices. In addition, due to the complexity of the HPO, any action affecting one of
the components may have a strong impact on all other elements.

Making reference to the diagram in Fig. 6.2, it is possible to group the main
factors in four main areas.

Building configuration

Physical infrastructure

Accessibility

Communication (telephone, internet)|

ICT Local data storage |

Data security |

Medical devices & equipment list |

Technical medical equipment

Maintenance system

Energy (electricity, gas,...)

HPO infrastructure

Resources supply and saving

Medical gasses

Waste disposal and reuse/recycle

Waste management

Medical and paramedical

Effluent discharge |

Human resources Equipment operators

L]

S e B e B s A e B

Technical personnel / bioengineering|

Selection of devices |

Management

Total cost of ownership |

Fig. 6.2 The main components of an HPO infrastructure. /CT Information and Communication
Technology. (Modified, reduced and adapted from [5])
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1. Physical and technological components.
The presence of medical equipment requires to pay attention to specific
needs like:

e Accommodation, that may require a special environment in terms of areas and
possible specific local adaptations, e.g. magnetic field shield for the location
where a magnetic resonance imaging (MRI) system is installed.

» Easy access for patients, especially in areas for chronic treatment or diagnostic
operations and a smooth workflow for personnel and material delivery, e.g. for
consumables.

* Information and communication technology resources, that are of special
importance when data concerning diagnostic imaging must be collected,
stored and distributed. Data security is also an important issue, as discussed
in Chap. 7.

* Auvailability of state-of-the-art and adequately maintained devices and
equipment.

2. Use of resources.

The operation of medical devices and equipment may imply a large use of
material resources, including e.g. supply of electric energy over dedicated lines,
medical gas and purified water. In many cases it must also be paid attention to the
effluent fluids that may need specific treatment due to the possible presence of
contaminated or toxic substances, like hazardous wastes, disinfecting agents or
radioactive isotopes. In most countries, the limit levels of these toxic substances
are stated by law.

3. Human resources.

The healthcare institution has been traditionally seen in the past as a non-
technical environment [7]. The application of (complex) medical devices opens
an important set of considerations about the presence of in-house competences as
well as the allocation of technical responsibilities. Apart from the obvious need to
have well-trained medical operators in larger facilities, where many different
pieces of equipment are in operation, the presence of technicians and bioengi-
neers is necessary. These professionals can take care of all devices along their full
life cycle: from procurement, operation and maintenance to decommissioning

4. Management and governance capability.

Concerning the medical devices, the HPO management should be also
involved in the selection of the devices and in the estimation and management
of their total cost of ownership (TCO).

The estimation and control of TCO is a very important management tool. It is
defined as the financial estimation of all direct and indirect costs connected with
the ownership and utilisation of a device/equipment or technology. Apart from
the pure purchasing cost, it includes all the other costs related to procurement and
storage of consumables, equipment maintenance, disposal of obsolete devices
and training of personnel. The TCO also gives reason for the hidden costs that, on
top of the purchasing price, may arrive up to 85% of the total cost during the
overall device’s life cycle.
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Provision

Acquisition
* Needs assessment « Technolo User
Manufacturer « R&D ol
assessment
and vendor * Manufacturing * Procurement
* Transfer & * Installation &
distribution commissioning
Utilisation
Operating
Training

Maintenance/reprocessing
Feedback to manufacturer | User
Decommissioning

Fig. 6.3 The basic life cycle of a medical device and the actions to be undertaken by the main
actors, such as provision, acquisition and utilisation. R&D Research and Development. (Adapted
from [6])

The diagram in Fig. 6.3 shows the main activities to be undertaken by the
responsible persons in HPO during the overall life cycle of the device or equipment.
Many of these activities imply their strict relationship with the manufacturer/vendor.

As it can be seen from the above chart, the user’s role does also include the
feedback to the manufacturer/vendor to ensure the timely and continuous evaluation
of the efficacy, performance and safety of the devices. This can be achieved by the
strict adherence to the post-market surveillance program. A more detailed and
comprehensive view of the medical device life cycle can be found in Chap. 5.

6.2.1 Acquisition

The acquisition procedure is based on the following steps:

* Assessment of the technology, to ensure it answers to care requirements and
whether it is in line with the expectations and culture of the community to be
served” [7, 8]

“This aspect is of special importance to guarantee that the community is willing to accept the
medical acts involved with the technology and is available to pay for the delivered service. The
acceptance of a medical practice is strongly related to the culture of the community and to the
medical literacy of the involved stakeholders.
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Assess the value
of the technology
for the HPO

Health
technology

Management Regulations

Procurement Safety and

and intended/non
maintenance of intended

the technology consequences

Fig. 6.4 The main aspects to be considered when selecting a medical device (equipment)

* Evaluation and planning of the service to be delivered to the community

* Placement into operation (it includes the availability of the required structural
provisions as well as the requirements in terms of personnel and skills)

* Commissioning activity for complex equipment

The procurement activity requires the harmonisation among technical, regulatory
and managerial competences as illustrated in Fig. 6.4.

After the assessment of the technology the decision maker should verify that the
introduced medical equipment, and its application in the considered environment, is
in full compliance with the applicable standards and regulations. This means that it is
not only needed to have an equipment according to the required standards and
directives, but also to ensure that the needed consumables, the environment and
the resources are according to the applicable standards. A possible example is the
requirement to have dialysis water in compliance with the best practice, international
standards (e.g. ISO 23500-1-19) [9] and legal regulations.

This regulatory aspect also includes the required activities to ensure the safety
levels and the risk control.

The safe and effective use of the technology entails the adequate management
attention to all the above aspects. Considering the MD life cycle as proposed by the
WHO [6] it is important to observe the role the final user has on the safe application



116 C. Boccato

and performance of the medical devices, through the active participation to the post-
marketing surveillance activity (i.e. feedback to the supplier/manufacturer as indi-
cated in Fig. 6.3).

6.2.2 Utilisation

The user must always consider that each medical device has been designed for a
specific intended use,” to work within well-defined conditions and operated accord-
ingly by trained personnel.

The responsibility of the MD user begins when open the packaging, e.g. related to
sterility and absence of pyrogens.

Besides the adequate operational environment and the training of the operators, it
is mandatory to ensure the following conditions:

¢ Clear allocation and documentation of responsibility within the HPO, especially
when concerned with complex equipment

* Ensure the maintenance by authorised personnel, that must be regularly trained
and certified by the manufacturer or by its representative

¢ Provide the correct decommissioning of worn-out pieces of equipment and/or
disposal of non-reusable items or disinfecting/reconditioning of the parts intended
for reuse

For single-use devices, it is important to set up the suitable disposal system. Many
of these devices, like needles, syringes or other parts that might have been in contact
with body fluids, may be contaminated. Contamination may be due to pathological
proteins or microorganisms and their disposal must ensure the safety of patients and
operators that may come in contact with them and avoid the pollution of the
environment.

In addition, the management should carefully consider the overall cost generated
by the ownership and operation of the medical equipment. The Total Cost of
Ownership (TCO) is here a useful concept and is one of the key points in the
equipment selection process.

An additional important aspect is relevant to the management of the medical
equipment. This is vital to ensure that the device is correctly operated and
maintained, but also helps the allocation of the HPO’s resources in the optimal way.

A single source database about all the medical equipment available in the HPO
should be accessible by key persons and contain the following indications:

e Comprehensive  device/equipment  information  (including  technical
specification)®

5A device designed for a defined intended use cannot be applied for alternative (not approved)
application.

SReference to the UDI (Unique Device Identifier) as defined by Article 27 of the 2017/745 and
Article 24 of Regulation 746/2017 [11].
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* Required operator’s training and training status

e Location of the MD within the HPO (the location may change according to the
operational needs: this must be always updated)

 Indication of the responsible person in charge of the device/equipment

 Utilisation status, including the due date for calibration, preventive maintenance,
maintenance history

* Availability and possible expiry dates for consumables (usually up to 5 years and
indicated on the MD packaging)

* Total incurred costs for purchasing, maintenance and operation feeding the
evaluation of the total cost of ownership

* Warnings about security and risk issues

6.2.3 Reprocessing

For some applications, the HPO might be involved in the reprocessing of devices. It
is e.g. the case of cleaning and disinfection/sterilisation of surgical tools or endos-
copy equipment.

According to ISO 17664:2017 [10], the reprocessing is the set of activities to be
undertaken on a (reusable) medical device to achieve (depending on the operational
needs):

* Cleaning, i.e. “removal of contaminants to the extent necessary for further
processing or for intended use”

 Disinfection, i.e. “process to reduce the number of viable microorganisms to a
level previously specified as being appropriate for a defined purpose”

e Sterilisation, i.e. “process used to render the product free from viable
microorganisms”

Both FDA (Food and Drug Administration in the USA) and EU-MDR (European
Union Medical Device Regulation) [11] clearly state the conditions for the
reprocessing of the medical devices.

Following the definition given in EU-MDR, reprocessing is intended as:

process carried out on a used device in order to allow its safe reuse including cleaning,
disinfection, sterilisation and related procedures, as well as testing and restoring the
technical and functional safety of the used device. (Article 2(39) of [10])

In recent years, the generalised tightening of the health budgets has also started
the interest for the reuse of devices, even if intended for single use. This practice may
in principle not be strictly forbidden, provided that the reprocessing is performed
according to specific rules that ensure the device keeps its characteristics in terms of
efficacy and safety. In this case, however, the responsible for the reprocessing of the
Single-Use Device (SUD) assumes the role a new manufacturer of the device and
bears all the responsibilities for the performed process. The process should, of
course, also include the required quality control steps.
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At the basis of this procedure is the evidence that the applied process is scientif-
ically proven and validated to ensure that the reconditioned device can be cleaned,
disinfected, functionally tested and reused without any harm for the patients and
caregivers.

Patients and healthcare professionals should be granted that the reused device has
the same performance and safety margin of a new one.

Whilst the HPO tries to cut cost through the reprocessing of SUDs, the manufac-
turers are usually not supporting this practice. This may not always be due only to the
desire to increase sales, but is also due to purely technical reasons. In most cases, the
reprocessing procedure, if not properly performed, may alter the characteristics of
the device in an uncontrollable way.

The reuse procedure of many medical device is performed with hazardous
chemicals like peracetic acid (CH3COOOH), sodium hypochlorite (NaOCl) and
hydrogen peroxide (H,0,). They might damage the components of the device and
cause adverse reaction both in patients and operational staff.

The HPO should also be aware of the cost of the overall reconditioning proce-
dure. The cost of quality management for the properly performed reuse procedure
may even be higher than the expected cost savings.

Due to economy of scale in production, single-use devices have become cheaper
than the overall cost for reconditioning of devices as well as the education of staff for
the reuse procedure.

6.3 Impact on the Healthcare Processes

In recent years, the quest for quality and efficiency in healthcare has stimulated the
application of process management strategies in many healthcare organisations [ 12—
14].

It is possible to identify five main processes involved in the delivery of healthcare
[14] and in the creation of value for patients and the community:

» Keeping people healthy (prevention) and provide a good quality of life
* Detecting health problems

* Diagnosing diseases

» Treating diseases

Chapter 1 gives an overview of the contribution of the medical device technology
to the above processes.

The widespread application of medical devices and equipment, besides the
impact it has on the infrastructure, requires the adaptation of all processes to the
new technology.

This is of particular importance when considering the high rate of innovation
characterising the medical device field.
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It is important to remark that the pervasive introduction of medical devices and
complex pieces of equipment in the HPOs requires a careful management of all the
involved risks.

Risk control becomes, then, an even more important aspect of the activities to
ensure the success of the healing process.

6.3.1 The Concept of Risk in Medical Devices

It is well known that every medical act is connected with risk. The very term
pharmaceutical derives from the Greek @dppakov—phdrmakon that has itself the
double valence of remedy (medication) and poison.

Even if it is impossible to eliminate all risks from any human activity, the user of
medical devices must consider the need to manage these risks and clearly understand
the level of the risk/benefits ratio connected to the use of the device. Moreover, the
acceptability of the level of risk vs. the benefits might be strongly subjective and
strictly linked to the cultural position of the served community.

A Risk Is Not a Disease

It’s worth to remind that a risk refers to something at the horizon that may or may not
happen. The point is how to manage it.

With all the above in mind, the stakeholders involved in the production and use of
the medical devices must put in force a risk management process to reduce the risks
at a technically and ethically acceptable level and agreed by the served community.

The French mathematician and philosopher Blaise Pascal (1623-1662) gave one
of the former definitions of risk:

Risk should be proportional to the probability of occurrence as well as to the extent of
damage.

This definition can be translated in mathematical terms as:
R=px*xC

where p is the likelihood of an event and C the consequence of this event.

This is the standard definition, also adopted by ISO 14971 [15], that defines the
risk as the combination of the probability of occurrence of a harm and the severity of
that harm.

This means that the risk management must act on the probability of harm and on
the possible consequences.

The stakeholders involved in the design, distribution and use of a MD must then
take all technical and managerial actions to shape p and C during the overall device
life cycle.
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This can be achieved setting-up a risk management plan aiming at:

* Risk assessment: ldentification and evaluation of the risks connected with the
different phases of the device life cycle

* Risk control: Identification and implementation of the measures needed to reduce
this risk

As recalled above, it is impossible to eliminate all possible risks from any human
activity, and especially from medical acts. This means that every device will be
characterised by a residual risk (defined in ISO 14971 15 as “the risk remaining after
all the risk control measures have been implemented”).

The residual risk is then the key information allowing the physician or the clinical
expert to evaluate the benefits and the hazardous situation that may arise in the
clinical practice when using the device.

Discussing about risk there are few more considerations to be added.

First is the fact that the evaluation of the acceptable level of risk might be strongly
subjective and it is highly influenced by cultural standpoints and specific operational
situations.’

Second, that in the evaluation of risk the possibility of user’s errors and the
reasonably foreseeable misuse,8 either intentional or unintentional, should be
included.’

6.3.2 The Risk Management Activity in HPO

The above discussion highlights the risk management among the most important
processes that take place in HPO, especially when dealing with medical devices and
equipment.

The risk assessment and the risk control should consider the environment and the
organisational context in which the device or equipment is used. This should
consider, as reminded by [16], all aspects like: “transport, hospital use, home use,
backup systems, interaction with other devices and systems, impact of multiple
device environments or multiple device use”.

The risk assessment should include also the possible risk due to the loss of benefit
in case of device’s malfunctioning or unavailability. This activity requires a deep
knowledge of different aspects, including (but not limited to) current clinical

Risk acceptability is strongly influenced by the society’s tolerance of risk and by the conditions in
which the device is used (routine, emergency or optional therapy).

8Defined in ISO 14971 [15] as the use of the device in a way not intended by the manufacturer, but
that can result from predictable human behaviour.

°One example of intentional misuse is the reuse of a single-use item (without the adequate
reconditioning, see Sect. 6.2.3). To possibly prevent this, the manufacturer should give clear
indication of the potential harm that this practice may generate.
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practice, alternative product and procedures and possible expected changes in
clinical practice.

The risks connected to the medical device are usually including physical
(e.g. mechanical, electrical, thermal), chemical, radiation or biological harms.

The risk level is very much depending on the user’s interaction with the device,
and specific provisions must be included in the standard operating procedures
(SOPs) to avoid, or minimise, this risk.

The interaction of the user with the device is strongly influenced not only by the
design of the device itself, but also on the application environment, that may be a
main source of errors [17-19]. The additional risk factors may arise, among others,
from user’s error or from any device malfunctioning or unavailability, possibly
created by wrong or incorrect maintenance or shortage of required consumables.
These risks, that are above the baseline risk profile'® of the device itself, shall be
considered in the evaluation of the overall risk profile of the HPO operations [16].

J. Reason, making reference to his Swiss cheese model [20] recalls the fact that a
consistent risk control in a healthcare institution must consider and assess the overall
risk involved on top of the baseline risk profile for a given device/equipment. This
assessment includes all the possible aspects that may harm the ability of the
caregivers to deliver the correct treatment.

It is reported in the literature [20] the case of a fatal outcome due to the wrong
calibration of a morphine delivery infusion pump.

The error was generated by the fact that the hospital adopted two kind of infusion
pumps with different calibration (mL/day and mL/h, respectively). During the
syringe change the nurse applied the calibration in mL/day on a pump that should
be calibrated on mL/h. This resulted in a lethal overdose.

The lesson learned by this example is that these kinds of incident can be avoided,
or their probability reduced, if the overall system is designed to consider the possible
errors in the operation of the medical device.

Adequate staffing in order to avoid the hectic generated by personnel overload
and careful consideration in the device procurement and personnel training are the
key factors to reduce the risks.

'®The white paper AAMI Risk Principles/2015-08-25 defines the Baseline Risk Profile as the
premarket estimation of the actual residual risk from using a properly designed, manufactured and
labelled medical device [16].



122 C. Boccato

6.4 A Possible Paradigm: The Case of Blood Purification
with Haemodialysis

6.4.1 Short Intro

Haemodialysis (HD) is a life-saving treatment required when a patient has lost,
completely or to a major extent, his renal functions. It aims at the purification of the
blood from the toxic retention solutes produced by the metabolic processes and in
addition at the elimination of excess fluid accumulated in the body.

The treatment is performed with the use of a medical equipment (the artificial
kidney) connected to the single patient, equipped with a dedicated set of consum-
ables and supplied with water containing acid and basic concentrates. The treatment
consists in taking the blood from the forearm vein of the patient. The blood is guided
with a pump through the extracorporeal blood circuit that includes a filter (dialyser).
The blood flow is usually between 200 and 500 mL/min.

An isotonic fluid (dialysis fluid) flows (usually at 500 mL/min or more) in the
filter, in the opposite direction of the blood, and provokes the removal of uremic
retention products from the blood.

The artificial kidney causes also the removal of excess fluid by the application of
a controlled pressure gradient across the dialysis filter with the help of a
dedicated pump.

A simplified diagram is shown in Fig. 6.5, where are also indicated the main parts
of the artificial kidney and the monitoring and control subsystems.

e reeeeeanasasassasnnnmnmeneererreraeaaaaasasannnmeneneneeenerenaaeaanannnnnn
Sensors
i
l i
Monitoring i
....... F
L
—é—*!.
Hydraulics |
Dialyser
| . Lk | |
Dialysis Dialysis fluid Blood Patient
monitor Sensors Sensors Sensor

Fig. 6.5 Example of haemodialysis treatment and picture of an artificial kidney system (5008
Cordiax from Fresenius Medical Care). The sensors (S) and monitoring system guarantee that all
the physiological parameters are kept within the required and safe values and can also give
indications about the achievement of the treatment targets. (Adapted from [21]—courtesy of
Fresenius Medical Care for the dialysis monitor picture)
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The HD treatment requires the careful organisation of the infrastructure and
processes supporting it and can be considered as a useful paradigm/model to
exemplify the considerations given above.

6.4.2 Operations

The HD treatment is performed (usually) three times a week and lasts about 4 h.
During the treatment, the patient should lie on a bed or sit on a special chair.

The treatment is performed in a dedicated area that must be designed and
equipped to ensure the safety of patients and personnel, efficiency of the operations
and patient’s comfort.

As mentioned above, the treatment requires the use of dedicated consumables
such as needles, filters, blood lines and chemical products (concentrates) which
require to be stocked, taken to the patient’s treatment place and discarded with the
appropriate procedure after the treatment.

The treatment system requires to be supplied with highly purified water that is
prepared onsite. Water usually comes from the municipal water supply network and
passes through a water purification system. This system is based on a reverse-
osmosis equipment and is implemented onsite according to the need of the centre,
e.g. the amount of required water and in relation to the characteristics of the tap water
available. The reverse-osmosis device and the parts in contact with the purified water
fed to the treatment system are considered medical devices. The water purification
system requires a specific design, validation, commissioning, dedicated maintenance
and periodic monitoring of the water quality according to the applicable international
standards and/or country specific regulations [21].

6.4.3 Infrastructure

The dialysis treatment identifies a specific set of requirements for the infrastructure
where the treatment is performed (dialysis centre, dedicated area in a general hospital
or in a patient’s home).

The presence of the medical equipment and devices dedicated to the dialysis
treatment generate some distinctive characteristics'' for the building where the
treatment is performed with respect to other ambulatory facilities [22].

Besides the need to allow for the easiest and most efficient patients- and
personnel-flow, a specific set of requirements are:

""Here are considered only the features relevant to the application of the dialysis related medical
devices/equipment. In addition, all general considerations for the design of a facility for
ambulatorial medical practices are applicable.
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* A reserved area where the treatment is performed, equipped with:

— Dedicated electric power supply for the dialysis monitor, separated from other
users.

— Supply of purified water.

— Drain pipe for waste fluids coming from the dialysis system that are potentially
contaminated by biological waste products, chemicals and disinfecting agents.
A possible purification system before discarding them in the public sewage
network might be required.

— Provisions for medication preparation and for hygiene procedures for patients
and staff, e.g. handwashing stations.

— Surveillance desk allowing the personnel to watch the patients under treatment
and see the possible alarm signal from the dialysis system.

— Adequate space to accommodate the patient (on bed or chair) and the artificial
kidney, with space for access by the caring staff doing treatment, monitoring
(e.g. blood pressure measurement) and for emergency operations.

e Large stock areas for consumables (e.g. fistula needles, blood lines, dialysis
filters, concentrate containers)

* Separated area for the disposal of the used consumable items (potentially
contaminated)

* Dedicated area for the water treatment system

From the above considerations, it appears that the design of the infrastructure of a
facility delivering dialysis treatment requires a set of provisions that are strongly
related to the presence of the specific medical equipment used: in particular the
dialysis- and the water treatment-system.

Table 6.1 (modified and adapted from [22]) shows the specific requirement to the
building.

Besides the impacts on the physical infrastructure, the artificial kidney operation
requires the organisation of other aspects as summarised in Fig. 6.2.

One important aspect is the availability of an adequate ICT facility. The workflow
and the treatment results can be dramatically improved when all dialysis monitors
are connected to a central network where all the patients’ data are collected, stored
and monitored. These data may include the parameters gathered during the treatment
by any ancillary medical devices, like blood pressure and temperature monitoring.
This information system can also improve the efficiency in the management of the
consumables.

The safe and effective operation of the treatment requires the presence of dedi-
cated and trained staff and the clear definition of the responsibility of each operator.

This covers the presence of the medical personnel directly involved in the
treatment: mainly physicians for the prescription and supervision of patient’s status
and trained nurses performing the treatment itself. In addition, trained technicians
take care of the continuous maintenance of dialysis equipment and water treatment
system [9, 19]. These personnel may also be outsourced, but it should be ready-
available for any emergency need.
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Table 6.1 The specific characteristics of an HPO infrastructure performing haemodialysis (adapted
from 22)

Function Purposes Requirements
Dialysis Performance of dialysis treatment Space for the accommodation of dial-
treatment ysis equipment and required supplies

arca

Water treat- | Allocate the equipment for the prepa- Space to allow the positioning of
ment room ration and distribution of purified water | equipment and the easy maintenance

(dialysis water) and monitoring
Consumable | Stock of consumable for dialysis treat- | Temperature and humidity control
stock area ment (and other medication items) (as for general pharmaceutical prod-
ucts)

Easy access and communication to
treatment area

Used con- Allocate the waste products (spent Easy access and communication with
sumable dis- | consumables) treatment area and for collection from
posal area outside
Separation of contaminated waste
Drain fluids | Treatment of discarded fluids In some location (depending on the
treatment (e.g. spent dialysis fluid) before the country regulations) the law requires
collection by the public waste fluids the purification of the discarded fluids
system from dialysis must be purified from

disinfecting agents, pharmaceuticals or
excessive biological waste products
[23]2\

“In some situations, equipment for fluid treatment for water reuse may be foreseen

6.5 Additional Considerations for Low-Income Countries

The use of complex medical devices in low-income countries deserves few addi-
tional considerations (see also Chap. 12).

Whilst it is an obvious advantage to allow the populations of poor rural areas to
access the most advanced diagnostic and therapeutic solutions, possibly based on
complex medical equipment, it is important to ensure preventively that all the
technical and logistic prerequisites are in place.

According to [24], between 25 and 35% of the medical devices in the so-called
low-income countries are out of order or heavily underused due to lack of mainte-
nance or unavailability of spare parts and consumables.

In addition, the lack of adequate resources reinforces the temptation to reuse
disposable items meant for single use and possibly recondition them following cheap
but inadequate procedures. This, of course, contribute to worsen the situation and
may generate additional risks or bad outcome for patients.

All the above issues may frustrate the efforts done to build a better healthcare
system in these countries.

The installation of complex medical equipment, sometimes with the help of
donations, should always be completed with the adequate infrastructure, the training
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to create the technical competence in loco as well as all the logistic organisation to
ensure the timely availability of required consumables with adequate quality.

The organisations developing, producing and selling medical devices and equip-
ment should carefully consider the above aspects. Very performant and expensive
products may not be useful in lower-income countries or in remote rural areas
without adequate resources. Under these conditions, the required expenditure cannot
be afforded and the proper operation and maintenance cannot be ensured. This
means that manufacturers should also focus on products that, even if assuring the
adequate level of care, quality and safety, are simpler, less expensive and easy to use.
This will be one of the most important challenges for the future of the medical device
industry.

Conclusion
The introduction of medical devices and equipment of different complexity has an
important impact on the structure and on the process of a healthcare provider
organisation.

Main impacts on the infrastructure are:

* The physical layout should be designed in order to allow the safe and effective
use of the devices. This is to guarantee the smooth workflow allowing for the
access of patients and personnel as well as for the delivery and internal distribu-
tion of consumables and the disposal of spent single-use devices.

e The facility allows the allocation of specific equipment in dedicated areas
(e.g. water treatment system).

* The risk management strategies should be adapted to include the operation of the
medical devices and their specific requirements (e.g. the presence of strong
magnetic fields in the area where the MRI equipment is installed).

The availability of trained personnel and the clear allocation of responsibilities is
mandatory. This may include the presence of a bioengineering/technical department
(at least for larger structures) taking care of all the technical issues, e.g. assistance for
procurement, commissioning, maintenance, decommissioning.

The use of medical equipment in low-income countries requires a holistic
approach focusing on properly designed equipment, its maintenance, the availability
of affordable consumable material and the training of personnel in loco.

Take Home Message

— In the Healthcare Provider Organisation, the successful application of the
medical technologies requires the adoption of a systemic view of the
different elements influencing the quality of delivered care. Key factors
are infrastructure and processes, training of operators and well-allocated
responsibilities.

— The task of the decision makers is to concentrate on the different phases of
the medical devices/equipment life cycle, from the acquisition and

(continued)
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commissioning to the disposal, to ensure that the quality of the delivered
care, the appropriate use of the resources and the best return of the financial
investment are achieved.

— The risk management is among the most important topics when considering

the healthcare processes related to the extensive use of medical devices and
equipment of different complexity.

— The estimation and control of the Total Cost of Ownership (TCO) is a very

important management tool. Apart from the pure purchasing cost, the
TCO analysis also allows to spot the hidden costs that, on top of the
purchasing price, may arrive at up to 85% of the total cost during the
overall device’s life cycle.

— The application of medical technology in low-income countries deserves

the careful consideration of the aspect related to the equipment design and
maintenance, the availability of the required infrastructure and consum-
ables as well as the establishment of adequate operators’ training.
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Chapter 7 ®)
Information and Communication e
Technology: Implications on Patient’s

Privacy and Security

Giovanni Calcagnini, Federica Censi, and Eugenio Mattei

Abstract The trend to personalized medical therapies needs the recording, docu-
mentation, and surveillance of patient data. Many advanced medical devices are
directly linked to sensors and register patient data. Breaching such data may lead to
either violations of patient’s rights or in the worst case to even eventful therapy
mistakes. In Europe, directives have been advanced dealing with “Network and
Information Security (NIS)” and the establishment of a competent national NIS
authority. In addition, personal data are secured by a new EU regulation since
2016, entitled “General Data Protection Regulation (GDPR).” It includes
pseudonymization and encryption of personal patient data. The new Medical Device
Regulation of the EU (MDR) which is valid since May 2021 further requires
activities on risk management, software life cycle, and information security tech-
niques, actions which all affect the introduction of advanced medical devices and
also define responsibilities of manufacturers and healthcare delivery organizations.

The USA take care of data protection through the “Health Information Portability
and Accountability Act (HIPAA).” However, there is currently no general federal
legislation, rules are sector specific. The FDA further provides guide documents for
manufacturers and healthcare delivery organizations to be able to comply with these
security provisions.

Introduction

Health data refers to personal information. This includes both medical data, such as
health status of a person, doctor referrals and prescriptions, medical examination
reports, laboratory tests, and radiographs. This also involves administrative and
financial data about health (the scheduling of medical appointments, invoices for
healthcare services, medical certificates for sick leave management, etc.). Health
data are thus considered sensitive data and are subject to particularly strict rules to
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ensure that the health data are protected and not subject to any unauthorized
disclosure or use.

Information and Communication Technology (ICT) and new medical technolo-
gies are offering opportunities to collect, store, use, and share health data, but they
pose new challenges for privacy and data security. An example is represented by the
remote monitoring and follow-up of pacemakers (PM) and implantable cardioverter
defibrillators (ICD). In this case, the data downloaded from the device to a trans-
mitter are then sent to the physician, using either the landline phone or the mobile
network. Many current PMs and ICDs are able to automatically execute tests on the
device, such as battery status, lead impedances, or sensing and capture thresholds.
Therefore, remote monitoring has the potential to offer improved patient safety and
quality of care. In 2008, Halperin et al. [1] performed laboratory tests on an
implantable defibrillator and were able to retrieve unencrypted personal patient
data. This report triggered considerable media coverage, even though to date there
have been no reports of hacking of implantable devices.

7.1 The Present Status

According to a study published in 2018 in the Journal of the American Medical
Association (JAMA) by McCoy and Perlis [2], the most commonly breached
information between 2010 and 2017 in the USA was from paper or film. The
study accounts for 510 breaches (24%) comprising a total of 3.4 million records
(2%). However, the 410 breaches (19%) of information from network servers
accounted for the largest share of breached records, 139.9 million (79%). The
most commonly breached media locations shifted from laptop and paper or films
in 2010 to network servers and e-mails in 2017. Authors concluded that although
networked digital health records have the potential to improve clinical care and
facilitate learning health systems, they also have the potential for harm to vast
numbers of patients at once if data security is not improved [2].

In 2019, Jiang and Bai [3] investigated the detailed causes of health information
data breach related to 1138 breach cases that occurred from 2009 to 2017 and
published by the US Department of Health and Human Services. They found that
that more than half of the cases were not from external causes but were attributable to
internal mistakes or neglect. Mobile devices were involved in 46% of cases, while
paper records accounted for just 29% of breaches, as the researchers report in JAMA
Internal Medicine. Employees taking data home or forwarding it to personal email
accounts contributed to 74 breaches in the study, i.e., about 6.5% of cases.

Thus, to date most health information data breaches in the USA in recent years
have not been the work of hackers but instead have been due to mistakes or security
lapses inside healthcare organizations and operators.

Yet the potential harm of hacker attacks was made clear when on May 12, 2017
the UK National Health System (NHS) was infiltrated by a ransomware worm
known as “WannaCry.” Whole hospital and primary care networks were affected
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and suspended, and the NHS went into complete electronic lockdown. WannaCry’s
infection became the biggest cyberattack on critical infrastructure in UK history [4].

Over the last years, many countries have enacted or strengthened data privacy
laws. To date, 132 countries have data privacy laws in force.

At worldwide level, it is important to refer to the Medical Device Cybersecurity
Guide under development by a Working Group of the International Medical Device
Regulators Forum (IMDRF). The purpose of this initiative is to promote a globally
harmonized approach to medical device cybersecurity and to provide medical device
cybersecurity guidance for stakeholders across the device life cycle.

The European Union Agency for Cybersecurity, ENISA, is the Union’s agency
dedicated to achieving a high common level of cybersecurity across Europe.
Established in 2004 and strengthened by the EU Cybersecurity Act [5], the
European Union Agency for Cybersecurity contributes to EU cyber policy, enhances
the trustworthiness of ICT products, services and processes with cybersecurity
certification schemes, cooperates with Member States and EU bodies and helps
Europe to prepare for the cyber challenges of tomorrow.

In Europe, the following legislative acts are relevant to the cybersecurity of
medical devices or to operators dealing with protecting or processing of personal
data stored in medical devices and might apply in parallel to the medical devices’
regulations:

e Network and Information Security (NIS) Directive [6]
¢ General Data Protection Regulation (GDPR) [7]

The NIS Directive provides legal measures to boost the overall level of cyberse-
curity in the EU by ensuring:

e Member States preparedness by requiring them to be appropriately equipped,
e.g., via a Computer Security Incident Response Team (CSIRT) and a competent
national NIS authority.

* Cooperation among all the Member States, by setting up a cooperation group, in
order to support and facilitate strategic cooperation and the exchange of infor-
mation among Member States.

* A culture of security across sectors which are vital for economy and society and
moreover rely heavily on ICT, such as energy, transport, water, banking, financial
market infrastructures, healthcare and digital infrastructure. Key digital service
providers (search engines, cloud computing services, data storage services, and
online marketplaces) will have to comply with the security and notification
requirements under the new Directive.

In May 2016, the European Union adopted a new Regulation (EU) 2016/679 on
the protection of personal data (GDPR—General Data Protection Regulation). It was
designed to replace the 1995 Data Protection Directive 95/46 EC. Although the key
principles of data privacy still hold true to the previous directive, many changes have
been proposed to the regulatory policies. The GDPR protects personal data regard-
less of the technology used for processing that data. It’s technology neutral and
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applies to both automated and manual processing, regardless how the data is stored
(e.g., IT system, through video surveillance, or on paper).

After GDPR publication, numerous countries have also updated their data pro-
tection laws, invariably strengthening them in ways, which reflect some aspects of
the GDPR [8].

7.2 EU: The General Data Protection Regulation (GDPR)

The abovementioned GDPR regulates the processing by an individual, a company,

or an organization of personal data relating to individuals in the EU. Personal data is

any information that relates to an identified or identifiable living individual.
Article 5 of GDPR outlines six data protection principles:

e Lawfulness, fairness, and transparency
* Purpose limitation

¢ Data minimization

e Accuracy

¢ Storage limitation

 Integrity and confidentiality

The integrity and confidentiality principle is the only one related to data security:
data shall be processed in a manner that ensures appropriate security of the personal
data, including protection against unauthorized or unlawful processing and against
accidental loss, destruction or damage, using appropriate technical or organiza-
tional measures. GDPR does not indicate specific technical measure to ensure
integrity and confidentiality, because technological and organizational best practices
are constantly changing.

GDPR considers health data as a special category of personal data. According to
Art. 9, the processing of data related to health is prohibited unless one or more of the
conditions laid down in § 2 apply. These conditions include:

* Explicit consent given by the subject to process his/her data for one or more
specific purposes

* Processing necessary to protect the vital interests of the data subject or of another
natural person where the data subject is physically or legally incapable of giving
consent

* Processing for preventive or occupational medicine by or under the responsibility
of a professional subject to the obligation of professional secrecy

* Processing for reason of public interest in the area of public health (e.g., protec-
tion against serious cross-border threats)

Member States may maintain or introduce further conditions, including limita-
tions, with regard to the processing of genetic data, biometric data, or data
concerning health.
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Article 32 of GDPR outlines the measures to be taken to protect personal
information. Companies shall implement appropriate technical and organizational
measures to ensure a level of security appropriate to the risk, including inter alia as
appropriate:

¢ The pseudonymization and encryption of personal data

» The ability to ensure the ongoing confidentiality, integrity, availability, and
resilience of processing systems and services

* The ability to restore the availability and access to personal data in a timely
manner in the event of a physical or technical incident

e A process for regularly testing, assessing, and evaluating the effectiveness of
technical and organizational measures for ensuring the security of the processing

In the case of a personal data breach, the organization, not later than 72 h after
having become aware of it, shall notify the personal data breach to the supervisory
competent authority, unless the personal data breach is unlikely to result in a risk to
the rights and freedoms of natural persons.

7.2.1 Pseudonymization and Encryption

The GDPR specifically requires encryption or pseudonymization of personal data
and does not require breach disclosure to subjects, if the breached data is encrypted.

Pseudonymization means the processing of personal data in such a manner that
the personal data can no longer be attributed to a specific data subject without the use
of additional information. Such additional information must be kept separately and is
subject to technical and organizational measures to ensure that the personal data are
not attributed to an identified or identifiable natural person.

Data encryption converts data into another form, or code, so that only people with
access to a secret cryptographic key can read it. The data encryption solution relies
on the control placed around the secret cryptographic key, rather than on the original
data. Therefore, protection of the cryptographic key is a critical aspect of the
encryption.

7.2.2 The Right to be Forgotten

Article 17 of GDPR introduces a novel element that may require significant effort to
be fulfilled. This article stipulates that organizations must erase a data subject’s
records upon request “without undue delay” where there is no compelling reason to
keep them on hand. If the organization has shared the requestor’s data externally, it
must also notify other data controllers that the data subject has requested the erasure.
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The implementation of the technical standard ISO 27001 covers most of the
requirements of the GDPR. Some further measures will have to be included in order
to ensure compliance with the EU GDPR, such as:

* Procedures for ensuring the exercise of the rights of data subjects (e.g., right to be
forgotten)

* Mechanisms for the transfer of data outside the EU

e Minimum content of the impact assessment on data protection

* Procedures to be followed in case of violation of personal data

7.3 EU: Information Security and IT for Medical Devices

Several requirements associated with data protection are not explicitly mentioned in
the Medical Device Regulation (e.g., requirements regarding privacy and confiden-
tiality of data associated with the use of MDs) since that may be outside the scope of
the Medical Device Regulation (MDR), with some exceptions outlined below.

Information security and IT security are addressed explicitly in Annex I, articles
17.2 and 17.4 of the Medical Device Regulation. In addition, Annex I section
1 (general requirements) of the Medical Device Regulation requests that any risks
associated with the operation of medical devices must be acceptable so as to enable a
high level of protection of health and safety. To this end, there is a need to consider
the relationship between ‘“safety and security” (see also Chap. 6) as they relate to
risk, since safety may be compromised due to “security issues” which may have
“safety impacts” (Medical Device Coordination Group—MDCG 2019-16 Guidance
on Cybersecurity for medical devices) [9].

In particular in the context of information security and within the MDR, the
manufacturer should be particularly aware of the following provisions:

* Privacy and data protection: Article 62.4(h): General requirements regarding
clinical investigations conducted to demonstrate conformity of devices

* Conformity assessment procedures: Article 52

* Post-market surveillance system of the manufacturer: Article 83

* Post-market surveillance plan: Article 84

» Post-market surveillance report: Article 85

¢ Periodic safety update report: Article 86

» Reporting of serious incidents and field safety corrective actions: Article 87

* Trend reporting: Article 88

* Analysis of serious incidents and field safety corrective actions: Article 89

* Technical documentation: Annex II

¢ Technical documentation on post-market surveillance: Annex III

* Clinical evaluation and post-market follow-up: MDR Chapter VI and Annex XIV



7 Information and Communication Technology: Implications on Patient’s. . . 135

The Guidance on Cybersecurity for medical devices provides manufacturers with
guidance on how to fulfil all the relevant essential requirements of Annex I of the
MDR with regard to cybersecurity.

Harmonized and International Technical Standards may be used to demonstrate
the compliance with the MDR security requirements. To date, the relevant standards
in this field are:

e ENISO 14971 Risk Management

* EN 62304 Software Lifecycle and IEC 82304-1 Health Software Part 1: General
requirements for Product Safety

e EN ISO/IEC 27000 Information technology—Security techniques—Information
security management systems (ISMS)—Overview and vocabulary and EN
ISO/IEC 27001 Information Technology—Security techniques — Information
Security management Systems—Requirements.

» ISO/IEC 80001-1 Application of Risk Management for IT networks Incorporat-
ing Medical Devices, and the associated particular standards: ISO/IEC 80001-5-1
Application of Risk Management for IT networks incorporating medical
device—Safety, effectiveness and security in the implementation and use of
connected medical devices or connected health software—Part 5-1: Activities
in the product life cycle. IEC/TR 80001-2-2 Application of Risk Management for
IT networks Incorporating Medical Devices Part 2-2: Guidance for the Disclosure
and Communication of Medical Device Security Needs, Risks and Controls.

e ENISO 62366 / ISO 60601-4 Usability Engineering

e [EC/TR 60601-4-5 Medical Electrical Equipment—Part 4-5. Safety related tech-
nical security specifications for medical device

7.4 The USA: The Health Information Portability
and Accountability Act

In the USA, there is no general federal legislation, but there are federal data
protection laws, which are sector specific. The Health Information Portability and
Accountability Act (HIPAA) provides data privacy and security provisions for
safeguarding medical information. Title IT of HIPAA directs the US Department of
Health and Human Services (HHS) to establish national standards for processing
electronic healthcare transactions. It also requires healthcare organizations to imple-
ment secure electronic access to health data and to remain in compliance with
privacy regulations set by HHS. Title II includes the following HIPAA compliance
requirements:

» HIPAA Privacy Rule. Officially known as the Standards for Privacy of Individ-
ually Identifiable Health Information. This rule establishes national standards to
protect patient health information.
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e HIPAA Security Rule. The Security Standards for the Protection of Electronic
Protected Health Information sets standards for patient data security.

In HIPAA documentation, any organization or corporation that directly handles
electronic protected health information (ePHI) is referred to as a covered entity. All
covered bodies, including hospitals, physicians’ offices, and health insurance pro-
viders must abide by HIPAA Security Rule guidelines when handling ePHI.
According to the HIPAA Security Rule, covered entities must ensure the confiden-
tiality, integrity, and availability of all ePHI they create, receive, maintain, or
transmit. This includes identifying and protecting against reasonably anticipated
threats to the security or integrity of the information.

To support the appropriate activity planning of covered entities, the HIPAA
Security Rule specifies a series of administrative, technical, and physical security
procedures to assure the confidentiality, integrity, and availability of ePHI.

The Food and Drug Administration (FDA) provides guides to address cyberse-
curity issues in medical devices [10]. Medical device manufacturers (MDMs) and
healthcare delivery organizations (HDOs) should take steps to ensure appropriate
safeguards are in place.

* Medical device manufacturers (MDMs) are responsible for remaining vigilant
about identifying risks and hazards associated with their medical devices, includ-
ing risks related to cybersecurity.

* Healthcare Provider Organizations (HPOs) should evaluate their network security
and protect their hospital systems.

* Both MDMs and HPOs are responsible for putting appropriate mitigations in
place to address patient safety risks and ensure proper device performance.

Conclusion
The trend to personalized medical therapies requires the recording, documentation,
and surveillance of patient data. Many advanced medical devices are directly linked
to sensors and register patient data on, e.g., patient cards or device internal storage
files. Breaching such data may lead to either violations of patient’s rights or in the
worst case to even eventful therapy mistakes. In Europe, directives have been
advanced dealing with “Network and Information Security (NIS)” and the establish-
ment of a competent national NIS authority. In addition, personal data are secured by
a new EU regulation since 2016, entitled “General Data Protection Regulation
(GDPR).” It includes pseudonymization and encryption of personal patient data. It
must be emphasized that an officially published regulation has the status of a law in
European countries. The new Medical Device Regulation of the EU (MDR) which is
valid since May 2021 further requires activities on risk management, software life
cycle, and information security techniques, actions which all affect the introduction
of advanced medical devices and also define responsibilities of manufacturers.

The USA take care of data protection through the “Health Information Portability
and Accountability Act (HIPAA).” However, there is currently no general federal
legislation, rules are sector specific. The FDA further provides guide documents for
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manufacturers and healthcare delivery organizations to be able to comply with these
security provisions.

Finally, both medical device manufacturers and healthcare provider organizations

are challenged to comply with these regulations. It is recommended to consider such
regulations during the whole life cycle from the early conceptual phases of medical
devices, during clinical application and subsequent market surveillance.

Take Home Message

— Personalized medical therapies often require the recording of patient data
on internal storage of the devices.

— Possible breaching of information must be avoided in order to guarantee
correct use of data and avoid adverse events such as in the worst case
eventful therapy mistakes.

— Both, the EU and the USA have introduced legislation for data protection at
a general level and in medical device field, as documented in the EU
Medical Device Regulation (MDR) and the “US Health Information Por-
tability and Accountability ACT (HIPAA).”

— Medical device manufacturers and healthcare provider organizations must
comply with these regulations during the whole life cycle of a medical
device.
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Part IV
Apply Economics in Medicine



Chapter 8 )
Economic Perspectives: An Overview e

Steffen FleBa

Abstract Economics is the science of describing, explaining, and overcoming
scarcity by efficiency. Efficiency compares the outputs and inputs of a system,
process, intervention or device, and the knowledge of costs as financial value of
the inputs is crucial for avoiding waste of scarce resources. However, calculating the
costs is not as simple as it might seem because costs can be tangible and intangible,
direct and indirect, core and non-core costs. A thorough analysis of the perspective
and the scope of costs is a prerequisite of efficiency and a starting point for the
economic evaluation of medical devices.

Introduction

The economic dimension of a medical device plays a major role in its adoption as
innovation. Cum grano salis, we can state that in particular the costs are the most
important single determinant of success and failure of a medical device on the
market. If the costs are higher than the revenues, no enterprise will produce or use
a medical device, and if the (societal) costs are higher than the benefits of a medical
device, the society will not be willing to pay for it. Knowing the costs is crucial for
any break-through of medical devices.

8.1 Systems Approach

Figure 8.1 exhibits a simplified business model which is relevant for a wide variety
of commodity and service industries, i.e. medical device producers as well as
hospitals. Agents of production are transformed into outputs. For instance, a factory
uses materials, machines and the expertise of its workers to produce a CT-scanner.
This product will be used by the customer (e.g. hospital) to produce a service, i.e. the
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Fig. 8.1 Basic business model, based on [1]

customer experiences an outcome based on the output of the factory. Most likely this
imaging will have an impact on the patients and the entire society (health, healing).
Consequently, output, outcome, and impact of a product are not identical.

Each business unit has to compare its own output, outcome, and impact with its
input of agents of production and its own objectives. The simplest approach is to
compare outputs with inputs. The respective quotient is called efficiency, i.e. all
business units strive for efficient use of their resources. Efficiency means that a
maximum output is generated with a given input or a given output is produced with a
minimum of input.

Output

— Max!
Input

In addition, any business unit has to compare its outcomes with its inputs and
objectives. It is insufficient to produce a commodity or service unless this good has a
value for the customer (outcome). The function of any enterprise is to service its
customers. Thus, enterprises have to analyse whether the products that they produce
fulfill their function. Finally, business units also compare the impact that they have
on the wider society with the resources they consume for it. It is their business
responsibility to have a positive impact on the society—and the society is only
willing to support the business unit with agents of production if it produces worth-
while results.
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In this introduction, we will focus on the input-output efficiency. Realistic
systems have different inputs (e.g. personnel, materials, equipment) and outputs
(e.g. different products); the simple formula must be widened as

m
Outputs > ;W) *X; |
= = 7 — Max!

Inputs DV ®
with
X; Quantity of outputj,j=1...m
Vi Quantity of inputi, i=1...n
w; Weight of output j
v; Weight of input i
m Number of output factors
n Number of input factors

In principle, any economic evaluation must record all consumption of inputs and
all results. Afterwards, inputs and results must be expressed in one dimension so that
a performance measurement can be calculated. This fusion of different dimensions to
one measurement is very difficult, as hours of labour, kilograms of food, metres of
sutures, square metres of space, etc. have to be fused as well as cases, sickness days,
death cases, years of life lost, and quality feelings. As most inputs have a market
price, the fusion of different resources consumed can be done by using the factor
price as input weight. The result is the cost of a service or a programme, i.e.

Zn;:ﬂ’j *Xj

D1 Ci % Vi

— Max!

with

X; Quantity of resultj,j=1...m
Vi Quantity of inputi, i=1...n
Dj Value of one unit of result j

ci Costs of one unit of input i [€]
m Number of result factors

n Number of input factors

Based on the simple quotient we can ask different guiding questions that allow us
to understand the profound business strategies and the role of costs and revenues in
making innovative medical devices a success.

* Inputs: The analysis has to start with the inputs. Which inputs are used? How can
we weigh different inputs in order to bring them in the same dimension
(e.g. working hours and kilograms of metal)?
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¢ QOutputs, Outcomes, and Impact: Which outputs, outcomes, and impacts are
produced? How can we weigh outputs, outcomes, and impacts of medical devices
in order to bring them in the same dimension?

* Quotient: How do we measure efficiency and performance in different business
units? What is the relationship between efficiency, profit, and return on invest-
ment (ROI)? Which instruments of economic evaluation are used in business and
societal perspectives?

¢ Period: Which period is relevant for the decision-making, i.e. do we analyse the
total cost of the entire lift-span of an equipment or only one period (e.g. year of
purchase)?

8.2 Costs

The first question is answered by analysing the costs of the production of a
commodity or service, i.e. Y . ¢; xy;. Cost is a financial expression of the con-
sumption of resources [2, 3]. If a system has a certain level of resources and uses
them to produce some services or commodity, the quantity and the value of the
resources are reduced. Costs express this reduction of value in currency units, such
as USS$, €, or Shs (Kenyan currency). If, for instance, a manufacturer uses a piece of
steel to produce the CT-scan, the value of this steel is part of his production cost. The
consumption of this resource constitutes his cost. In the same way, the use of human
labour and the wear and tear of equipment and buildings (depreciation) are costs.

We have to distinguish between payments, expenditure, and cost. A payment is
the reduction of cash (cash on hand or bank account). However, this does not
necessarily mean a loss of value of the enterprise. If we buy steel for the CT-scan
production and put it on stock, we do not reduce the value of the enterprise. We pay a
certain amount and get steel for exactly the same amount. Therefore, the net value of
the enterprise is identical before and after this transaction. If we take the steel out of
the stock and use it in the production process, the value of this steel is changed. We
do not even know what the value of the CT-scan be. Maybe it cannot be sold and
maybe the steel is spoilt during the production process. Therefore, the use of the steel
generates cost, not the purchase.

Cost is only the reduction of the net worth of an enterprise if this reduction was
necessary for the purpose of the enterprise. If, e.g. a business unit donates to the Red
Cross, this reduces its net worth, but it is not necessary for the production process.
Therefore, the term expenditure covers all reduction of net worth, whereas the term
cost means only those expenditures that were necessary for the original purpose of
the business unit. However, many authors use these terms interchangeable. More
important is the fact that costs do not necessarily have to be connected with
payments. For instance, the work of owner of an enterprise does not necessarily
lead to a payment as in some forms of legal ownership he does not earn a salary.
However, by working for his own enterprise he loses the opportunity to earn a salary
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elsewhere. Therefore, the value of a lost opportunity is named opportunity cost and
has to be included in the total costs, although it is not connected with payments.

The most important resources to produce medical devices are personnel, raw
materials, semi-produced goods, equipment, buildings, water, electricity, etc. There-
fore, we have personnel costs, materials costs, equipment costs, costs of buildings,
water, electricity, etc. We call these costs the direct provider costs because they
occur directly in the production process. Salaries and wages, bills for materials, for
water and electricity are, thus, costs. Buildings and equipment are established in
1 year for many other years to come. It would be completely inappropriate to charge
all payments to the year of establishment. They are not consumed in this year,
therefore only the wear and tear of the first year should be the cost of this year.
Consequently, we only take a certain fraction of the original payment as the annual
costs. This share is called depreciation.

Buildings and equipment do not lead to periodical payments. However, the wear
and tear of these items has to be calculated. There are several possibilities. The
easiest approach is to divide the original payment by the number of years that the
item will be used. Figure 8.2 shows this as a straight line. It might also be possible to
reduce the value of the item by a certain percentage every year, so that the annual
depreciation is getting smaller every year (declining balance method). Finally, it is
possible to include an interest rate for the investment. However, in most cases it is
enough to calculate a linear depreciation.

The analysis has to distinguish average cost per service unit (such as cost per
delivery) and marginal cost (such as additional cost for one additional delivery).
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The average cost is simply the quotient between total cost and the number of
service units. For the calculation of the marginal cost, we have to distinguish
between fixed and variable cost. Fixed costs do not vary with the volume of activity,
whereas variable costs increase if we produce more goods. Normally, variable costs
increase with volume, and the increase can be progressive, linear, or digressive. It
has to be analysed, furthermore, whether fixed costs are indeed completely constant
irrespective of the amount of services, or whether they are step fixed, i.e. they are
stable until the activity reaches a certain level and then jump to a higher plateau to
remain stable there as well. For instance, the costs for salaries of the sales force could
be the same, whether the sales representative visits 10 or 20 clients per month.
However, if the workload increases so much that one person cannot do the job alone,
a second sales representative has to be hired and the costs jump by 100%. For any
analysis, it will be important to know whether additional demand can be covered by
the existing buildings, personnel, and equipment (Fig. 8.3).

Assuming a linear cost-function, we receive
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8.3 Outputs, Outcomes, and Impacts

The second aspect of any efficiency analysis are the outputs of a business unit,
ie. Z”;:lp j*xj. If we analyse only the manufacturer of medical devices, the
analysis of outputs is rather simple. He just has to add the sales in his different
product lines to receive the turnover as total of outputs. However, in the long run this
is insufficient. Medical devices make only sense if they have an impact on the health
of the population by allowing better diagnostics or therapies. Thus, morbidity,
mortality, days of sickness, reduced costs, increased productivity and in particular
quality of life (QoL) are highly relevant for the analysis of outputs,
i.e. manufacturers must also take a societal perspective to assess their outputs.

In order to understand this perspective, it is worthwhile to realize that diseases do
not only have costs of diagnostics and therapy, but also much wider costs. As
Fig. 8.4 indicates, the core provider costs are only one of many aspects of costs
usually described as “Cost-of-Illness” (Col) [5—18]. Households have direct and
indirect costs. Direct household costs imply payments for transport to and from the
health services, accommodation for the accompanying relatives, special building
facilities for disabled patients (e.g. adapted bathroom), costs for diet and the
re-education for both patients and relatives, for instance new training after a paral-
ysis. Private households also have to bear direct payments for user fees and drugs
that are an income of the providers.

Indirect household costs summarize all lost opportunities. During the time of
illness, a patient and a relative taking care cannot work. Therefore, wage earners lose
salaries as well as the economy production force. Sick parents do not have time to
take care of their children so that their education will suffer either. Therefore,
morbidity leads to indirect costs. The term ‘“socio-economic costs” is used for the
total of direct and indirect costs as both have to be shouldered by the society.

Direct and indirect household costs are so-called tangible costs because a mon-
etary value can be attached to them. Pain, psychological pressure, reduced joy of life,
and social prestige are reductions of the quality of life that do not have a natural
monetary value. These infangible costs are sometimes evaluated as well and a
monetary value is attached to them [19, 20].
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Fig. 8.4 Concept of cost-of-illness, based on ([4], #5563)
Consequently, outputs, outcomes, and impacts can be measured as a reduction of
cost-of-illness. Only if an innovative medical device reduces the societal cost-of-

illness the society will be willing to finance them. A narrow focus on the outputs of
the manufacturer is often too narrow.

8.4 Performance

As stated above, we measure efficiency with the quotient

Zn}:lpj *Xj
D i1Ci % Vi
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Measuring the costs (denominator) is rather simple, but finding a monetary

expression for the numerator can be difficult. Some evaluation techniques try to do
this. Others restrict the result to one dimension (e.g. life years gained); others
artificially combine different results to one statistic according to certain rules.
Thus, the degree of fusion differs from one economic evaluation technique to the
other. The most important are:

Cost minimization: The methodology [21, 22] assumes that the result of a health
system or intervention is constant so that merely the costs have to be analysed. If
we compare alternative services or interventions and if the result is equal to each
other, the one with the lowest cost is the efficient service or intervention, the
others are inefficient, i.e.

Zm‘zll’j*xj 1 .
Z="22 —>Max!<:)Z’:Zc,~*yi—>Mm!

n
DG * Y P

Frequently the mentality of cost minimization has led administrators into the
temptation to focus on costs only and to disregard the result of the healthcare
activity, e.g. of an innovative technology. Consequently, future chances are
neglected even if they were highly efficient because they would have required
more resource input.

Result maximization: Taken a given budget for a certain intervention, the efficient
alternative is making the best out of these resources, i.e.

Zm':lpj*xj , m
Z="L—1 - s Max! & Z :ij*xjHMax!
Dim1Ci % Vi =

This methodology [21] can be applied if the budget is without competition to
other allocations of funds. In reality, healthcare or a particular programme or
service is always only one possible allocation of funds, i.e. the amount earmarked
for this purpose will vary so that this methodology is restricted to few applications
within very limited fields.

Cost-benefit analysis: A cost-benefit analysis [22] expresses inputs and results in
monetary terms, i.e. not only the costs, but also the incidence, prevalence, life
years, death cases, and quality of life are expressed in currency units, i.e.
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The disadvantages of a cost-benefit analysis are obvious: It is very difficult to
express human life in monetary terms, and all constructions to do so will bear
ethical problems. However, the cost-benefit analysis has strong advantages if we
want to compare alternative allocations of funds beyond sector borders. For
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Fig. 8.5 Cost-effectiveness analysis, based on [1]

instance, an investment into education and into healthcare can only be compared
if we find a common dimension of results.
Money is a weak common dimension, but maybe the only possible one.

 Utility analysis: The utility analysis treats inputs and results as one dimension and

expresses all quantities in a single utility score [23, 24]. Therefore, costs for

resources are not expressed in financial terms but in an ordinal scale (highest,

high, lower ...). Seeing the high importance of costs and budgets in the

healthcare sector, this approach is not satisfactory.

* Cost-effectiveness analysis: The cost-benefit analysis fuses input and result into
one statistic (e.g. surplus). The cost-effectiveness analysis [25, 26] expresses the
inputs in monetary terms, but the results are measured in physical units,
e.g. number of children immunized. Input and result represent two dimensions,
so that this analysis frequently does not produce a single alternative, but a set of
alternatives forming an efficiency frontier. Figure 8.5 demonstrates an example of
eight health centres in a district offering delivery services. The total costs of this
service per health centre are compared with the number of deliveries. It is obvious
that health centre seven has the lowest cost per delivery: it is efficient. However, if
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we assume economies of scale, it might be useful to include also unit 2 and 5 as
efficient, so that units 2, 5, and 7 form the efficiency frontier.

The units on the frontier are efficient and form the set of benchmarks for the
other units, i.e. unit 3 should concentrate on the performance of unit 2. If we
assume constant elasticity of scale, only unit 7 is efficient, but for the small unit
3 it is not helpful to attempt at learning from this big health centre.

» Cost-utility analysis: This analysis allows that the result is not a single physical
unit but an indicator that combines several statistics. For instance, quality of life
and life years are combined in the Disability Adjusted Life Year (DALY). The
combination will always be artificial and subject to discussion.

Most manufacturers of medical devices and a major share of healthcare facilities
are for-profit enterprises that can derive their goal function directly from the original
efficiency quotient, i.e.

2P * X - -
Z:jnfij'—»MaX!@HZ p.*xj—Zci*yiHMaX!
Z,‘:]Ci*yi j=1 ! i=1

The term [] is the profit calculated as the difference of total revenue and total cost.
In other words, any for-profit enterprise that maximizes its profit will also maximize
its efficiency. Profit is a signal of efficiency. These enterprises will adopt a new
medical device as innovation if it allows them to increase their profit—and this is
consistent and ethically sound because it will allow them to use the resources most
efficiently.

However, profit is usually insufficient to assess the advantage of an investment,
project, or enterprise. One million € of profit is very high for a private practitioner,
but it is very little for an international company. Thus, we have to relate the profit to
the capital invested. The respective quotient is called “return on investment” (ROI).
The following formula defines ROI demonstrating its components of profit (numer-
ator) and capital with its component’s equity (capital from owners of the enterprise)
and liability (loans from non-owners). Consequently, an investment (such as the
development of a new medical device) is seen as profitable if the ROI is greater than
the market interest rate, i.e. the rate which is received if the funds are not invested in
the development of the medical device but invested in the capital market.

ror =1 _ 2P X = DG * Y

K E+L — Max!

Consequently, we can state that the costs of healthcare services, projects, and
medical devices are highly relevant for any type of economic analysis. Costs are
always the starting point and knowing the costs is the prerequisite for any other
assessment.
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8.5 Period

Usually, a major share of the resources is consumed before any sales are made. Cost
for development and marketing of a new medical device can be as high as the
production costs during the next years. Consequently, the profitability of a product
has to take several periods into consideration. During the first periods, costs will be
higher than revenues, later on this will most likely change. If no interest is accounted
for, we can just add all costs and revenues and compare them. If interest has to be
paid for capital, all costs and revenues have to be discounted so that they can be
compared. This is usually done with the formula

1
PV =3 (R~ C)(1 + i)
t=1

with

cv Present value

R, Revenues of period ¢

C, Cost of period ¢

r Rate of interest

[ Lengths of life of investment

It is necessary to assess all costs and revenues through the lengths of life of an
investment. In the case of a medical equipment producer, this covers developments
costs, marketing costs, production costs, disposal costs, etc. For the user of a medical
equipment it covers the total cost of acquisition and operation, costs related to
replacement or upgrades at the end of the life cycle as well as indirect costs such
as training with the new equipment. The wider concept with a life-long perspective is
called “total cost of ownership” (TCO).

Conclusion

Inventing, developing, producing, and marketing of medical devices is not different
from any other commodity. Even if producers are completely convinced of the
superiority of their product, they must also convince customers to buy these products
and pay a sufficiently high price for it. According to experience, entrepreneurs and
co-workers of medical device factories are quite committed to their products and
they see a chance to contribute to the well-being of the human population with them.
However, business does not work by good intentions or beliefs, but by sales. All
thinking must start with the needs of people. At the end, the sick will decide whether
they want this product or not—and whether they are willing to pay for it.

In the reality of modern societies with Health Insurances and Government
subsidy, the reality is more complex as many Government bodies (e.g. National
Institute for Health and Care Excellence, NICE, UK; Gemeinsamer
Bundesausschuss, GBA, FRG) and insurances decide on the portfolio of diagnostic
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and therapeutic devices. At the same time, medical practitioners have a double role

as

provider of healthcare services and consultant to the patient indicating what

service he requires. Thus, healthcare markets are more complex than traditional
commodity markets. However, at the end it is the patient who will be operated on, is
x-rayed or receives an implant. And eventually it is the tax payer who decides
whether the product is worthwhile its costs on the individual and in particular on
the societal level.

Consequently, a thorough analysis of costs and benefits for all stakeholders as

well as throughout the entire process states is a crucial prerequisite of successful
medical device production. Even the very best product idea without proper manage-
ment and without precise costing will never benefit anybody.

Take Home Message

— The production and utilization of medical devices induce costs.

— Costs have to be recovered by revenues to be sustainable.

— Customers are only willing to pay sufficiently for a product if it satisfies
their needs, i.e. the output, outcome, and impact must be worthwhile.

— Knowing or predicting costs and revenues is essential for the success of
medical device production and utilization.

— Medical devices produce outcomes and impacts which are highly relevant
for the individual and the society. Proper management and cost control are
needed in order to ensure their benefits.
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Chapter 9 )
Assessment of Medical Technologies: s
Methods and Challenges

Emanuele Lettieri and Rossella Onofrio

Abstract The present situation of the healthcare systems worldwide strongly calls
for a change in the care delivery paradigm and requires to focus more on the long-
term outcomes and on what is of real value for patients and the community. This
approach can be summarized with the value-based healthcare concept, which can be
greatly sustained by the technology innovation. The chapter focuses on the assess-
ment of medical technologies, with special attention to medical devices, and on
different methods and problems connected with this evaluation. Special emphasis is
given to the different methods (e.g. health technology assessment, cost-utility
analyses, and others), and to investment/divestment decisions. The issues of the
social return of the investment in healthcare and of the legitimacy of the decisions
taken are also considered.

The discussion is then completed with the presentation of the emerging topics
about the assessment of medical technologies.

Introduction

For the creation of the best care value for patients and community, the assessment of
the medical technologies and innovation, with special attention to medical devices, is
needed.

The analysis has to start with the concept of value in healthcare followed by the
examination of the different methods for technology evaluation and the definition of
investment strategy.

The innovation in hospitals should further not be neglected.
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9.1 The Concept of “Value” in Healthcare

The recent pandemic has made it clear to citizens, hospital professionals, and
policymakers that the current paradigms of healthcare delivery must be reloaded.
Among the many lessons learnt, one of the most relevant issue is about the role that
“innovation” should play in order to rethink and improve healthcare delivery. The
focus has shifted from short-term outputs over medium- to long-term outcomes
[1]. What matters is the actual capability of healthcare providers (e.g. family doctors,
acute and rehabilitation hospitals) to impact positively and significantly the quality
of life of citizens and the competitiveness of the served society [2].

This new approach to healthcare delivery is widely known as “Value-Based
Healthcare” (VBH). The concept of “value” stems from the original formulation
by Porter and Teisberg [3] and is defined as the ratio between the health outcomes
that matter to patients and the cost of delivering that outcome. This concept is still
under discussion, but there is a growing consensus that the shift from outputs to
outcomes obliges healthcare delivery to meet four requirements: participation,
personalization, prevention, and prediction [4]. Even if the in-depth discussion of
these requirements is beyond the scope of this chapter, a few examples might show
their relevance and urgency. First, citizens are claiming for a more active role in the
management of their health/disease, because of their progressive empowerment in
terms of health literacy, revisiting the traditional scope of the patient—physician
alliance. Second, precision medicine has gone far beyond the borders of
DNA-based diagnostics to also cover service delivery, acknowledging that socio-
demographic factors might affect citizens’ experience with the delivery of care and
their adherence to therapy/lifestyle. Third, as it happened in other industries,
healthcare should deliver care to citizens when they are still healthy to reduce, and
possibly avoid—or at least to postpone—the emergence of (chronic) diseases.
Fourth, decision-makers are more and more provided with accurate predictions
about what might happen and what should be the most effective interventions due
to the increased availability of data and the development of machine-learning
algorithms. Healthcare providers are needed to explore either new processes or
practices to meet these requirements, matching different organizational arrange-
ments and technological configurations [5]. These changes must ground on innova-
tions. Among the different sources of innovation, the seamless development of
innovative medical technologies is one of the most relevant ones and the assessment
of their potential impact on value generation is the focus of this chapter. Figure 9.1
offers a synthetic view of the linkage between value-based healthcare and innovative
medical technologies.
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Fig. 9.1 Value-based
healthcare and its “pillars”
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9.1.1 Value-based Healthcare and Technology Assessment

The increased pace of technological development in healthcare, combined with
shrinking financial resources available to adopt them, obliges decision-makers to
select, among the most promising innovations, only those that can demonstrate the
best value-for-money—i.e. those innovations that prove to generate enough benefits
compared to their costs [6]. In this view, how to support decision-making at different
levels (national/regional/local/hospital/department/professional) has risen as a prior-
ity on the agenda of practitioners and scholars of biomedical engineering, health
economics, and medicine. In the last years, the worldwide debate on decision-
making concerning the adoption of novel medical technology has grown around
the concept of legitimacy. Decision-making must be legitimate. This is particularly
relevant for all national healthcare systems whose activities and investments in novel
medical technology are based on citizens’ taxes.

Legitimacy can be defined as “a generalized perception or assumption that the
actions of an entity are desirable, proper, or appropriate within some socially
constructed system of norms, values, beliefs, and definitions” [7]. This definition
clarifies that what is legitimate is socially constructed and might differ in different
social groups (e.g. in different healthcare systems). Legitimate decision-making
should consider the point-of-view of different groups of stakeholders, such as
patients, caregivers, patient advocacy groups, hospital professionals and managers,
suppliers, payers, and policymakers. Past research [8] identified four requirements
that should ground legitimate decision-making in healthcare. They are (1) rationality,
(2) fairness, (3) efficiency, and (4) evidence, as shown in Fig. 9.2.

Figure 9.3 synthesizes the main implications related to the four requirements.
Legitimate decision-making should ground on rational methods and processes. In
particular, the assessment of novel medical technologies should crystallize the most
relevant criteria that can help to gather the most comprehensive understanding of the
implications due to their adoption. These criteria should cover different domains,
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Fig. 9.2 Requirements of
legitimate decision-making
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Fig. 9.3 Criteria for legitimate decision-making in healthcare

—

such as effectiveness, safety, organizational impacts, and efficiency. Legitimate
decision-making should be fair, i.e. no group of stakeholders (or beneficiaries)
should be privileged or disadvantaged. Past studies identified four conditions for
guaranteeing fairness. First, goals of assessment and decision-making should be
disclosed. Second, the methods and results of evaluations should be also disclosed.
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Third, all groups of stakeholders should be in the condition to appeal to evaluations
if they think either that some pieces of evidence have been overlooked or some parts
of the evaluation should be revised because being incorrect. Fourth, all these
elements should be formalized through laws. Legitimate decision-making should
be efficient. The pace of technological development in healthcare is very high and,
even if from a theoretical perspective all innovations should be assessed to prove
their value-for-money, from a practical perspective this is not feasible. In this view,
three arrangements might be implemented. First, users rather than doers should
oversee the assessment of novel medical technologies. This means that they should
try the best they could to reuse the assessment reports produced by other entities—
through collaborative networks—and produce reports only for those innovations that
have not been assessed yet by others.

Second, the available resources for assessment, in terms of time and money,
should be focused on a subset of innovations through the crystallization of filtering
mechanisms, thus designing a two-stage approach—as done, for example, for the
proposals of funding that are submitted to the European Commission. Third, entities
that oversee technology assessment should try to leverage the competencies and
resources that are available on the territory, involving universities, research centres,
scientific associations, hospitals, patient advocacy groups, etc. Finally, these require-
ments (i.e. rationality, fairness, efficiency) should ground on evidence, as
recommended by evidence-based medicine. Dealing with innovations, evaluators
will face situations characterized by different levels of evidence, ranging from high
levels (e.g. meta-analyses, randomized clinical trials) for more mature medical
technologies to low levels (e.g. expert opinions, case series) for emerging ones.
This consideration paves the way for discussing the difference between Health
Technology Assessment (HTA) and Horizon Scanning (HS). Even if the large
audience is more familiar with the concept of HTA when debating about the
assessment of novel medical technologies, in the next section the distinction between
HTA and HS will be addressed.

9.1.2 Health Technology Assessment

Health Technology Assessment (HTA) has been defined as a form of policy research
that examines the short- and long-term consequences (e.g. societal, economic,
ethical, legal) of the application of medical technology [9]. It aims at providing
decision-makers with the information they need. They may not be able to judge the
benefits or consequences of medical technology within a strictly technical context.
They must consider the social, economic, and legal implications of any course of
action. However, very frequently, the comprehensive information needed by
decision-makers is either not available or not in the right form. This supports further
the still ongoing debate about what should be the information domains considered by
HTA reports, addressing rationality for legitimacy.
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Before discussing the proposals that have been developed within the Cost-Utility
Analysis (CUA) and the Multi-Criteria Decision Analysis (MCDA) in terms of
relevant informative domains, it is worth to clarify the distinction between assess-
ment and decision-making. They are different domains that refer to distinct respon-
sibilities. The separation between those who assess and those who decide upon is
connected to legitimacy. Regulators must clarify policy needs and translate them in
research questions that researchers from different disciplines can investigate through
the design of coherent research projects aimed at gathering robust results. HTA
offers the methods to answer the research questions agreed between regulators and
researchers. The responsibility of researchers ends once research questions have
been answered. Regulators are not involved in the production of results, but their
role is to decide upon them—either positively or negatively. Regulators can reject
legitimately researchers’ results. This might happen either because results overlook
relevant pieces of information or because methods that have been applied are not
agreed. Therefore, it is necessary a wide agreement—better at the international
level—of the language, the methods and reporting that should be employed by
those running HTA exercises. In this view, the efforts made in the last years by
the INAHTA—the International Network of Agencies for Health Technology
Assessment—are worth to mention, with particular attention to the development of
(1) an agreed glossary of HTA-related terms with their meaning, (2) a coherent
portfolio of methods and tools for the design and carry-out of HTA exercises; (3) a
checklist to evaluate the robustness of HTA reports; and (4) a database of past HTA
reports facilitating the reuse of the already available assessments.

A similar effort has been made by the EUnetHTA (European network for Health
Technology Assessment) European collaboration. This initiative, funded by the
European Commission, established a network for HTA across Europe to help the
production of reliable, timely, transparent, and transferable information about med-
ical technology. In particular, the network aims at an efficient resource use for HTA
(promoting the reuse of previous reports), the sharing of expert knowledge about
HTA, and the crystallization of a coherent set of good practices for HTA. In this
view, one of the most relevant contributions has been the development of the Core
Model reference framework for HTA [10, 11]. Nine domains have been identified as
the most relevant for supporting decision-making (Table 9.1). They are:

. Health problem and current use of technology

. Description and technical characteristics of the technology
. Safety

. Clinical Effectiveness

. Cost and economic evaluation

. Ethical analysis

. Organizational aspects

. Patient and social aspects

. Legal aspects

O 0N LN A~ W~

According to EUnetHTA, two different HTA reports can be delivered. On the one
hand, decision-makers might be interested in a comprehensive assessment—also
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Table 9.1 HTA domains according to the EUnetHTA collaboration

HTA core model domains

Comprehensive/ | Rapid Relative Domains whose analysis can be valid | Health problem
Full HTA Effectiveness for different countries and facilitate | and current use
Assessment the reuse of the HTA report of technology
(REA) Description and
technical
characteristics

Safety

Clinical
Effectiveness

Country-specific | Domains whose analysis might differ | Cost and eco-
Appraisal country by country because of the nomic
peculiar characteristics effectiveness
Ethical analysis
Organizational
aspects
Patient and
social aspects

Legal Aspects

known as “full HTA report”—that covers all nine criteria. This might be the case for
more mature medical technologies, whose evidence is more consistent and broader.
On the other hand, decision-makers might be interested in a less comprehensive,
more focused assessment. This is the case for a Rapid Relative Effectiveness
Assessment (REA) that covers just the first four criteria. This might be the case for
emerging medical technologies, whose evidence is more limited and still focused on
clinical effectiveness and safety. Interestingly, this distinction is useful also to
discuss the potential reuse of HTA reports.

The distinction between “mature” and “novel” medical technologies is salient for
their assessment because of different levels of evidence. HTA requires significant
bodies of high-quality evidence to support decision-making. Because of that, HTA is
usually associated with mature technologies and it is mainly used to manage the
diffusion or the disposal of medical technologies that are already in use somewhere.
Where the medical technology under assessment is emerging or innovative—mean-
ing that the technology is at the beginning of its diffusion in the healthcare system
and that the available evidence is still limited and of lower quality—the assessment
refers more to Horizon Scanning (HS) than to HTA [12]. Even if the domains and
criteria might be shared among HTA and HS, their difference grounds on the level of
evidence that informs assessment reports and the strength of the recommendations
that will be submitted to decision-makers.

From a practical perspective, HS reports are of paramount relevance. Where
decision-makers are enabled to know in advance that some promising medical
technologies will access soon the market and will be available for the clinical
practice, they can act to prepare the field to enable and facilitate their fast
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diffusion—e.g. developing the required legal framework, providing healthcare pro-
fessionals with the required competencies.

9.1.3 Economic Assessment of Technology in Healthcare

The economic assessment aims at providing decision-makers with useful, complete,
robust evidence about which healthcare strategy—or medical technology—should
be preferred among the available alternatives (known as comparators) [6]. The
alternatives are benchmarked in terms of consequences and costs (Fig. 9.4).
Among the “consequences”, the assessment must consider all benefits that derive
from the adoption of a specific healthcare strategy/medical technology in terms of
any improvement of patients’ health or well-being. This refers to the concept of
“effectiveness” of a healthcare strategy/medical technology. Among the “costs”, the
assessment must consider all resources consumed by the adoption of a specific
healthcare strategy/medical technology. These resources might be provided by
(1) the healthcare system (e.g. from local health agencies, hospitals, nursing
homes), (2) the patient or her/his family (e.g. in terms of patient’s time, caregivers’
time, travel costs); (3) other sectors (e.g. from non-profit organizations, social
enterprises). When resources from all sources are included, the economic assessment
takes a “societal perspective”. Vice versa, when only resources from the healthcare
system are considered, the economic assessment takes a “healthcare system per-
spective”. The choice between the two perspectives is related strictly to the specific
healthcare strategy/medical technology under assessment. For instance, in the case
of mental care services, almost half of the costs come from the patients (and their
families) and other sectors. In such a context, a societal perspective should be
preferred to provide decision-makers with a more comprehensive understanding of
the benefits and costs associated with different alternatives (comparators).

The economic assessment of the different alternatives can be conducted with four
main techniques [13] that are pointed out in Fig. 9.5. The distinction among them

CHOICE
|
! !
ALTERNATIVE «B»
STRATEGY «A» (COMPARATOR)
COSTSFORA & COSTS FORB &
CONSEQUENCES FROM A CONSEQUENCES FROM B

Fig. 9.4 Setting decision-making about technologies in healthcare
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Fig. 9.5 Setting decision-making about technologies in healthcare

relies on how they analyse consequences (effectiveness). If the different alternatives
offer similar consequences, the economic assessment compares them against costs,
preferring the alternative that minimizes the consumption of resources—namely
Cost Minimization Analysis (CMA). This analysis is almost rare because the typical
situation is that novel medical technologies claim superior benefits with respect to
comparators. An example refers to telemedicine, where economic studies assume
that telemedicine offers similar benefits in comparison to face-to-face clinical prac-
tice and, in this view, assess potential cost savings (e.g. [14]). Where the alternatives
offer different consequences, they can be measured in different ways. The most
widely used approach is to measure benefits with primary endpoints—e.g. reduction
in mortality or number of life years gained. In this case, the economic assessment is a
Cost-Effectiveness Analysis (CEA). Another approach is to measure consequences
such as the combination of primary endpoints (life years gained) with an outcome
measure such as Quality of Life (QoL), introducing Quality-Adjusted Life Years
(QALYs5) as a synthetic indicator that captures both variations (quality and quantity).
This economic assessment—known as Cost-Utility Analysis (CUA)—should be
preferred in the case of diseases or events that, despite they do not affect patients’
mortality, reduce, with different levels of severity, their quality of life (e.g. limb
amputation, chronic degenerative diseases, kidney failure, coma state). Finally,
consequences can be measured in terms of saved costs or value generated, using
currency as a unit of measure. This allows a direct comparison—in monetary
terms—between benefits and costs (Cost-Benefit Analysis—CBA). The valorization
of benefits can be done using different approaches such as the measurement of
patients’ Willingness-To-Pay (WTP) or revealed preferences.
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Table 9.2 Characteristics of the four techniques for economic assessment

Costs Consequences
(measured | (measured as Level of
Analysis |as...) ) use Strengths Weaknesses
CMA Money There is no Low Consequences re | It works only for
measure not to be measured | alternatives with
because they similar
are similar consequences
CEA Money Disease-related | High Strict relation It works only for
measure with the disease alternatives in the
same clinical
domain
CUA Money QALYs Medium | It works for alter- | QALY receive
(Quality- natives with dif- critics and their
Adjusted Life ferent measurement is not
Years) consequences easy
CBA Money Money Low It works for alter- | Measuring conse-
natives with dif- quences as
ferent “money” is not easy
consequences

Table 9.2 offers a synthetic view of the characteristics of the four methods, also in
terms of strengths and weaknesses. Among the methods, scholars of health econom-
ics recommend CUA as a reference technique for the economic assessment of
different healthcare strategies/medical technologies.

In this view, the next section will detail briefly CUA.

9.1.4 Cost-Utility Analysis

Cost-Utility Analysis (CUA) measures the consequences of alternative healthcare
strategies/medical technologies by combining quantity and quality of life (QoL) into
Quality-Adjusted Life Years (QALYs) [6, 13]. QALYs—that can be computed as
the product of life years times the achieved QoL—measure the utility (i.e. the value)
generated by a specific healthcare strategy/medical technology. From a theoretical
perspective, QoL is a value that goes from 0 to 1, where “1” indicates a situation
where the patient has full QoL (this state is typically associated to perfect health) and
“0” indicates a situation where the patient has a nil QoL (this state is typically
associated to death). Figure 9.6 shows the comparison between two alternatives, A
vs B, in terms of the expected length of life before death (horizontal axis) and the
expected quality of life (vertical axis).

The incremental benefits generated by the adoption of strategy/technology B
(with respect to A) can be measured as the difference between the two areas below
the two curves of QoL.
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Fig. 9.6 Quality-adjusted life years as a synthetic index

The advantage of CUA compared to CEA is that, while CEA measures conse-
quences just as years gained (i.e. the difference that is shown on the horizontal axis),
CUA weights the length of life by the expected QoL, thus providing decision-makers
with a more comprehensive understanding of the utility (i.e. the value) generated by
different alternatives. This is particularly relevant in those cases where diseases or
traumatic events do not affect patients’ mortality, such as limb amputation, but they
affect QoL [15].

The measurement of QoL is the most critical phase in a CUA. While clinical
studies offer evidence about the expected length of life because of alternative
healthcare strategies/medical technologies, evidence about the related QoL is less
available and must be collected and measured in dedicated economic studies. There
are different methods to measure QoL that ground on different theoretical assump-
tions. On the one hand, there are methods—e.g. the Visual Analogue Scale or Rating
Scale, the Standard Gamble, and the Time Trade-Off—that measure individual
preferences. These methods share the assumption that QoL is definitively subjective
and patients who share the same health situation might perceive a different QoL. On
the other hand, there are methods—e.g. the EQ-5D-3L—that measure the health
status because they postulate that QoL is determined mainly by the health status of
patients and that, in this view, patients who share similar health status perceive
similar QoL.

In the followings, the most established methods are described briefly.

The Visual Analogue Scale (VAS) is the simplest and most frequently employed
method. It consists of a straight horizontal (or vertical) line of fixed length, usually
100 mm, orientated from the left (worst QoL = 0) to the right (best QoL = 100). The
patient indicates her/his perceived QoL on this scale. Collecting the
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socio-demographic characteristics of the patient as well as her/his preferences, the
researcher, through a regression analysis, can identify those factors that explain QoL.

Concerning the Standard Gamble, the researcher proposes to the patient a hypo-
thetical situation where an intervention is available that might restore her/his perfect
health but with a probability (1 — x) to die. The patient is asked to choose between
two alternatives (gamble): (a) refuse that intervention and remain in the current
condition of imperfect health; (b) accept the intervention (probability of success
equal to x). The probability x must be varied until the patient is indifferent between
the two alternatives. When the patient cannot decide between them, this means that
the utility of the two alternatives is equal (i.e. length of life times QoL). From this
equality, it is possible to determine that the QoL of the current health status is equal
to x.

Similarly, to the Standard Gamble, the usage of the Time Trade-Off approach
requires the researcher to propose to the patient a hypothetical situation where an
intervention is available that might restore her/his perfect health but with the side
effect to reduce her/his life expectancy from “7” to x. The patient is asked to choose
between two alternatives: (a) refuse that intervention and live in a condition of less
than perfect health for “#” years; (b) accept the intervention and live x years in perfect
health (being x lower than “¢#”). Time x has to be varied until the patient is indifferent
between the two alternatives. When the patient cannot decide between them, this
means that the utility (i.e. length of life per QoL) of the two alternatives is equal.
From this equality, it is possible to determine that the QoL of the current health status
is equal to x/z.

The Euro Quality of Life—5 Dimensions—3 Levels (EQ-5D-3L) approach
postulates that QoL is strictly related to the patient’s health status and that patients
with a similar health status perceive a similar QoL. In this view, QoL is determined
by the identification of the current health status of the patient. The health status is
evaluated against five dimensions: (1) mobility; (2) self-care; (3) usual activities;
(4) pain and discomfort; (5) anxiety and depression. For each dimension, the patient
has to report her current status against three levels: (1) no problems; (2) some
problems; (3) extreme problems. This allows the researcher to characterize the
current health status of the patient with a numerical code. For instance, the sequence
21123 indicates a patient who faces some problems to walk, has no problems with
self-care, has no problems with doing usual activities, has a moderate pain/discom-
fort, and who is extremely anxious/depressed. QoL of the current health status is
determined by subtracting to 1 (perfect health) specific coefficients associated with
levels 2 or 3 (i.e. situations where the patient is not in perfect health).

Once QALYs have been determined—by calculating QoL with one of the
methods described above—they are compared to the consumption of resources—
accordingly to the societal or the healthcare system perspective. The comparison
between consequences (QALY's) and costs of two alternative healthcare strategies/
medical technologies (e.g. A vs B) is carried out through the Incremental Cost-
Utility Ratio ICUR). The ICUR is calculated as the ratio between the incremental
costs (costs(B) minus costs(A)) and incremental utility (utility(A) minus utility(B)).
In this view, the ICUR means the incremental cost that the healthcare system (or the
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society as a whole) must sustain to provide the patient with an additional year in
perfect health. This value is compared to a threshold defined by policymakers. The
most representative threshold in Europe is the one defined by the National Institute
of Clinical Excellence (NICE) equal to 58,600 €/QALY. This implies that only those
healthcare strategies/medical technologies whose ICUR against the current practice
is lower than 58,600 €/QALY will be considered eligible for reimbursement. The
ICUR calculation should be performed for subgroups of patients—e.g. see Cutti
et al. [15]—to identify which ones might benefit the most from the adoption of the
healthcare strategy/medical technology under assessment and help decision-makers
to prioritize the usage of limited financial resources. Similar lines of reasoning can be
developed in the case of different healthcare strategies/medical technologies. By
comparing them against the additional resources needed to generate one additional
year in perfect health, policymakers can rank different healthcare strategies/medical
technologies from the most efficient to the most expensive (i.e. accordingly to higher
values of ICUR) and develop League Tables [16] to support the prioritization of
resource allocation.

9.1.5 Multi-criteria Decision Analysis

In the last years, doubts have arisen about the capability of Cost-Utility Analysis
(CUA) to capture the multifaceted consequences generated by alternative healthcare
strategies/medical technologies. The progressive establishment of the main princi-
ples of Health Technology Assessment (HTA)—rationality, in particular—made
clear that decision-makers need evidence about the short- and long-term conse-
quences (e.g. societal, economic, organizational, ethical, legal). All consequences
should be considered understanding their impact in terms of costs and QALYs.
However, decision-makers have a twofold need of (1) being knowledgeable of the
impacts against the various dimensions; and (2) decide about their relative relevance.
Because of that, scholars of health economics and decision science argued that
Multi-Criteria Decision Analysis (MCDA) should meet these informative needs
and provide decision-makers with more actionable knowledge [17].

MCDA assesses alternative healthcare strategies/medical technologies against a
set of established criteria that are identified and agreed on by decision-makers based
on their informative needs. The relative relevance of these selected criteria is
established through weights agreed among decision-makers. In this view, “utility”
is not limited to QALYs and it is calculated as the weighted sum of the scores
(i.e. the performance) achieved by alternative healthcare strategies/medical technol-
ogies against the criteria. Equation (9.1) shows how value must be calculated
according to MCDA.
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N
Value = Z W, % S, (9.1)

n=1

where:
N = Number of criteria
W = Weight of the criterion “n”

[T 1)

S = Score against the criterion “n

Equation (9.1): Determination of Value According to MCDA

The list of criteria can be adjusted over time to meet new informative needs of either
other decision-makers (e.g. patient advocacy groups) or specific medical technolo-
gies. In this view, the literature is rich in examples of criteria. Among the available
proposals, the most interesting is the one adopted by the Italian Lombardy Region in
their HTA programme [18]. In this proposal, the domains of the Core Model
developed by EUnetHTA (that has been described in the section above) have been
matched with the criteria developed by EVIDEM to support the appraisal. Table 9.3
shows this match by grouping the EVIDEM criteria (right column) against the
domains identified by the EUnetHTA Core Model (left column). While these criteria
are relevant and exhaustive for decision-makers at the national/regional level, they
are not sufficient for decision-makers at the hospital level. For instance, these criteria
do not meet the informative needs about the organizational impacts in terms of new
clinical processes, learning curves, resistance to change, etc. All these aspects are
better covered in Hospital-Based HTA models (see the next section). Once criteria
have been defined and agreed by decision-makers, their relative relevance must be
established. Even if there are not reference guidelines about how to define the
relative relevance, scholars of decision science agree that the most simple and

Table 9.3 Match between core model domains and EVIDEM appraisal criteria

Current use * Guidelines & Good practice recommendations
 Limitations of alternative technologies in use

Technology » Completeness and consistency of documentation
* Relevance and validity of documentation
* Description of technology and benefits areas

Safety » Improvement of safety and tolerability

Effectiveness * Improvement of effectiveness and efficacy
» Improvement of patient-related outcomes

Organization and economics * Financial impact on health system
* Cost-effectiveness
* Impact on other spending

Social, ethical, and legal analysis * Disease severity

* Size of population

* General healthcare goals

* Coherence with regional planning
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valuable method is allocating 100 points among the different criteria (Table 9.4).
This allows decision-makers pointing out which criteria are the most relevant.
According to the fairness principle (legitimacy theory), weights should be made
explicit and known from those that will be evaluated. The authors of this chapter
argue that making weights explicit and stable for a medium-long period (e.g. 5 years)
can positively contribute to the competitiveness of the MedTech industry with the
result that developers and producers of medical technologies will know in advance
which criteria (and relative weights) will be used to assess their innovative pro-
posals, allocating their R&D efforts only to those that will have better chances to be
positively evaluated.

The last step is the assessment of the alternative healthcare strategies/medical
technologies against the agreed criteria. This assessment must be carried out by
reviewing all available evidence that has been synthesized in HTA reports. The
complexity of this phase relies on the fact that current HTA reports do not cover all
assessment criteria and decision-makers might be left without relevant pieces of
information. In this view, the agreement of what criteria are the most relevant will
contribute positively on the production of relevant evidence, starting from the
clinical studies, whose case report form might be enlarged to cover all assessment
criteria. The alignment between the informative needs of decision-makers and what
researchers collect from the field could significantly benefit the capability of the
healthcare system to generate value through the allocation of the limited financial
resources only to those healthcare strategies/medical technologies that proved to be
the most promising.

From an operative point-of-view, there are no (again) reference guidelines about
who and how should give the “scores”. About the “who”, there are two relevant
experiences. On the one hand, the EVIDEM Collaboration suggests that experts of
the clinical domain under assessment should score the alternative healthcare strate-
gies/medical technologies. The rationale is that these experts are knowledgeable and
could provide expert opinions. On the other hand, the Lombardy Region in Italy
creates a group of experts of different disciplines (e.g. medicine, nursing, clinical
engineering, economics, law) to maximize the legitimacy of the appraisal exercise.
About the “how”, the most relevant experience is from Canada [19]. They suggest
(see Table 9.4) to score on a Likert scale that goes from “—3” (extremely negative
relative performance) to “+3” (extremely positive relative performance).

The “relative value” generated by the medical technology under assessment with
respect to its comparators would range from “—3” to “+3”—after normalizing the
weights from O to 1 (i.e. dividing by 100). As for Cost-Utility Analysis,
policymakers must define an acceptance threshold. There are no significant experi-
ences about this; however, the authors of this chapter argue that a threshold around
1.75 might constitute a fair reference.
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9.1.6 Social Return on Investment (SROI) in Healthcare

The rising doubts about Cost-Utility Analysis (CUA) have incentivized the explo-
ration of alternative approaches to the measurement of the value generated by
alternative healthcare strategies/medical technologies. In the previous section, the
growing interest in MCDA has been illustrated. Another direction of exploration is
offered by the Social Return on Investment (SROI) that has received significant
attention in the field of social enterprises and non-profit organizations.

SROI is a method used to account for “social value” when evaluating investments
that are oriented to generation of value for the society (like healthcare). This method
goes far beyond the traditional economic evaluation tools (like Cost-Benefit Anal-
ysis, CBA), by considering the value that is produced for multiple stakeholders in
three main domains: economic, social, and environmental [20]. In this view, SROI
can be a relevant method in the context of advocacy for investments for health
[21]. SROI goes beyond the limitation of the traditional Return on Investment (ROI)
that accounts only for shareholder value (i.e. the pecuniary value) and overlooks the
positive/negative externalities that might advance the public good [22]. In light of
that, evaluators should include a wider range of benefits, complementing the eco-
nomic domain with the environmental and social ones. SROI is the ratio between the
net present value of the whole range of benefits and the net present value of the
resources invested [23]. This concept of SROI has been applied at the beginning by
philanthropic foundations to demonstrate the impact of the social programmes that
have been funded [24]. From this, the concept of SROI has undergone several
revisions and it is still at the centre of an intense academic debate about its
superiority with respect to CUA and CBA.

So far, to the best knowledge of the authors of this chapter, generally accepted
practices to apply the SROI to the assessment of alternative healthcare strategies/
medical technologies do not exist and different approaches are in place. However,
the five main steps described by Nicholls and Lawlor [25] can be taken as a reference
guideline. These steps will be described briefly in the following.

First, it is necessary to establish the scope and identify the most relevant
stakeholders. The scope of a SROI analysis is an explicit statement about
the boundaries of what will be included. It requires to consider the purpose, the
audience, the background, the resources, the range of activities to focus on, the
period over which the intervention will be (or has been) delivered, whether the
analysis is a forecast or an evaluation. Relevant stakeholders (i.e. people or organi-
zations that are affected or do affect the initiative under evaluation, either positively
or negatively) are beneficiaries, caregivers, patient advocacy groups, the healthcare
system, the pharmaceutical/MedTech industry, insurance companies, the economic
system of the region under analysis, NPOs (Non-Profit Organization) and NGOs
(Non-Governmental Organization), municipalities, etc.

Second, outcomes must be mapped. Outcomes are the positive/negative conse-
quences of the initiative under evaluation. The outcomes perceived by each stake-
holder must be recognized. The most recurring outcomes in healthcare are increased
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quality of life, social inclusion, increased income, savings for beneficiaries, savings
for the healthcare system, savings for the society, increased productivity because of
improved health status. In this step, it is required also to recognize the inputs,
i.e. what stakeholders are contributing to making the initiative feasible and success-
ful. Typical inputs are the initial costs (fixed and non-fixed assets purchase),
personnel training costs and labour costs, maintenance costs, renovation costs,
overhead and administration costs, operational costs.

Third, outcomes must be valorized. Outcome indicators represent a preliminary
step to monetize the identified outcomes. By multiplying the value of each indicator
for its unitary monetary value, the monetary value of each outcome can be obtained.
To reach this purpose, financial proxies based on methods such the Willingness-to-
Pay (WTP) or the Human Capital are used to estimate the social value of non-traded
goods.

Fourth, the impact must be established. The task is estimating how much of the
outcomes would have happened anyway without the initiative under evaluation and
what proportion of the outcome is generated by the initiative. Therefore, four main
elements need to be quantified into percentages: deadweight (amount of outcome
that would have happened even if the initiative had not taken place), displacement
(how much of the outcome displaced other outcomes—e.g. reducing crime in one
area may displace criminal activity to another area), attribution (how much of the
outcome was caused by the contribution of other organizations or people), and drop-
off (mitigation or decay of the outcomes over time).

Fifth, SROI can be calculated. The Net Present Value (NPV) of outcomes is
calculated by adding up all benefits and by subtracting any negative effect in
different periods through a discount rate (a reference value is equal to 5%). The
net impact of the initiative under analysis can be calculated by deducting the four
percentages pointed out previously from the NPV of the outcomes. The SROI ratio is
computed by dividing the NPV of the net impact by the Present Value of inputs.
Finally, a sensitivity analysis should be carried out to explore how the value
generated might vary accordingly to some assumptions.

Many scholars of health economics and health policy claimed that SROI looks
like CBA. While both methods translate consequences into monetary terms, SROI,
more than CBA, can capture the perspectives of different groups of
stakeholders [26].

In this view, SROI has been acknowledged as an extension of the traditional CBA
that incorporates the broader socio-economic and environmental outcomes [27]. In
the next years, an increasing number of applications of the SROI method to the
assessment of alternative healthcare strategies/medical technologies is expected, as
well as a discussion about the informative power of SROI assessments with respect
to MCDA ones.
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9.2 Disinvesting for Investing in Healthcare

The financial sustainability of the national healthcare systems of the most developed
countries as we know them nowadays cannot be taken from granted for the next
years. The “perfect storm” that has been generated by the combination of population
ageing, non-communicable chronic diseases, GDP (Gross Domestic Product) stag-
nation, medical technology booming, citizen empowerment, etc., pointed out the
need for new socio-technical paradigms for healthcare delivery and innovation
management. The progressive shrinking of the available financial resources for the
adoption of innovative medical technologies—e.g. medical devices, equipment,
cancer drugs, digital solutions—enlarges the gap between what healthcare profes-
sionals and citizens would need and what they can have available in their daily
practice. Innovative medical technologies, that proved to be value-for-money and
safe, should be adopted as soon as possible to maximize the generation of societal
benefits. Innovation should not be slowed down, or its adoption procrastinated.

In this view, the very question is how to sustain the adoption of novel medical
technology in a context of shrinking financial resources. An interesting solution
stemmed out from the reasoning about disinvesting for investing. This approach—
that has been applied in the USA and Canada, even if done with different methods—
grounds on the opportunity to save money from a medical technology already in
place to fund the adoption of another medical technology that offers more value.

The example in Fig. 9.7 can clarify the theoretical underpinning of this approach.

Five innovative medical technologies are ready to enter the market. Which one
should be prioritized in case of limited financial resources? This problem can be

s THRESHOLD 1
A MONEY & €

B ® THRESHOLD 2
5558 s

A VALUE

Fig. 9.7 Adopting medical technology E to fund the adoption of medical technology D. For details,
see text
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approached using a cost-utility analysis. In this view, the five innovations are
benchmarked in terms of their incremental cost-utility ratio. The selection is done
defining a threshold. In the case of threshold 1, technology A should be rejected
because the value—in terms of quality-adjusted life years—is not enough compared
to the necessary costs. In the case of a more selective threshold, as threshold
2, technologies B and C would be rejected, too. The choice should go on technology
D. But what, if the costs required by technology D do not meet the available financial
resources? One opportunity might be to adopt technology E, too. Technology E is
very peculiar because it offers the opportunity to save money with respect to the
current comparator in daily practice while reducing—on a limited amount—the
value for this group of patients. Saving these costs will offer the opportunity to
fund the adoption of technology D (looking at Fig. 9.7, costs saved by technology E
are pretty much the costs needed to run technology D). In this view, by disinvesting
in the comparator of technology would be possible to invest in technology
D. Following this line of reasoning—and broadening the discussion about this
method—another opportunity is to disinvest from all those medical technologies
that allow saving a significant amount of financial resources while limiting the
reduction of value for patients. In this way, savings would guarantee the opportunity
to invest in a larger number of innovations. Ca va sans dire, that this approach might
raise ethical concerns. Our opinion is that this approach is rational and ethical
because it tries to move the perspective from a group of patients to society. A
priority of decision-makers in healthcare should be the maximization of societal
benefits against the available resources. In this view, the limited reduction of benefits
for a group of patients is more than compensated by the increased benefits for other
groups of patients, on the same line of reasoning of the League Tables that compare
the ICUR of different technologies/practices [16].

The theoretical arguments found application in real life into two relevant
experiences.

On the one hand, the Choosing Wisely movement in the USA applied these
concepts through a consensus-based approach based on expert judgement elicitation.
The scientific associations of the different medical disciplines supported a debate
about the members of the association, about the identification every year of five
medical technologies/practices to be eliminated to generate enough savings for
adopting emerging medical technologies. In this case, the responsibility to identify
those technologies/practices to be eliminated is left to the discussion—and agree-
ment—among experts who might evaluate the impacts of such decisions. Moreover,
it is interesting the repetitive nature (year after year) of this discussion that confirms
the need for healthcare professionals to identify a systematic approach to get access
to innovative technologies also in a context of shrinking financial resources.

On the other hand, the Vancouver Coastal Health Authority in Canada designed
and implemented an interesting disinvestment programme in 2010 to meet the
constraints on the available financial resources and to fund the adoption of new
medical technologies. In their well-known study, Mitton et al. [19] described in
detail this unique experience thus making possible its application in other healthcare
systems. The method grounds again on expert judgement elicitation. However, the
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main difference relies on the development of a quantitative approach based on multi-
criteria decision analysis (MCDA) to support prioritizat ion and decision-making. In
this view, the value of different practices/medical technologies is the result of
performance scores against agreed assessment criteria that are weighted according
to their relative relevance. Engaging with experts is necessary to legitimize the
process, concerning the identification of the assessment criteria and their weight.
By applying this MCDA-based approach, the Vancouver Coastal Health Authority
in Canada has been able to identify 42 practices/medical technologies to dismiss in
order to meet the budgetary constraints while minimizing the lost value for citizens.
Moreover, they have been able to identify additional disinvestment opportunities to
save money to be reinvested in new practices/medical technologies.

These experiences confirm the applicability in real contexts of the theoretical
arguments developed about disinvestment as a strategy for sustaining the adoption of
innovations in healthcare. As told, healthcare cannot progress without the systematic
adoption of new medical technologies that proved to be value-for-money and safe. In
this view, policymakers of the most developed countries should explore the oppor-
tunity to design and implement strategies that combine disinvestment from those
practices/medical technologies that claim to generate value—but they do not gener-
ate enough value actually—to reinvest these savings into practices/medical technol-
ogies that can improve equity among citizens, as described in the theoretical example
in Fig. 9.7.

9.3 Technology Assessment in Hospitals

9.3.1 The Linkage Between Technology Assessment
and Hospital Strategy

Hospitals are at the forefront of technological innovation in healthcare [28]. Hospital
professionals scan systematically the horizon in search of novel medical technolo-
gies that might contribute to generate additional benefits in terms of effectiveness,
efficiency, and safety. In this view, they need clear guidelines and instruments to
select only the most promising innovations among the many that go to market and
avoid the risk to invest in technologies whose claim of value are not proven.
Therefore, hospitals must own competencies and knowledge to assess medical
technologies. In countries—such as Italy—where a reference national HTA Agency
is missing, hospitals must be in the possibility to make evidence-based decisions
concerning novel medical devices, equipment, digital technologies, etc. Even in
those countries—such as England, Denmark, and Canada—where there is a refer-
ence national HTA Agency, hospitals must assess medical technologies for several
reasons. First, not all novel medical technologies that might be of interest for
hospitals are evaluated at the national level because of a prioritization strategy.
Second, HTA reports offer conclusions and recommendations that are often general
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and far from the local-sensitive questions of hospitals. Third, new and expensive
medical technologies arrive mainly at university hospitals which have immediate
pressure from manufacturers, professionals, and patients to adopt them. Only later
this need reaches the national agenda, where the assessment timeframe is often
longer. Finally, hospitals have a direct interest (medical, economic, organizational)
to push and speed-up both the assessment and the reimbursement of novel technol-
ogies at the national level (e.g. medical procedures), sharing their results as well as
their HTA reports.

Given that hospitals must own competencies and instruments to assess novel
medical technologies, technology assessment should be a relevant phase within a
broader responsibility on technology management. Four synergic phases are typi-
cally in place. First, technology selection, whose aim is to (1) select those technol-
ogies that might better support hospital processes, and (2) define what is the most
correct timing for the adoption of new medical technologies. Second, technology
allocation, aimed at defining the best allocation of the available financial resources
(1) between old (maintenance) and new (acquisition) medical technologies, and
(2) among different departments (homogeneous vs focused distribution of
resources). Third, technology assessment, that must support hospital decision-
makers through an evidence-informed, multidimensional assessment of medical
technologies (effectiveness, safety, costs, organizational impact, professional com-
petencies needed, uncertainty etc.) that have been identified in the previous phases.
Finally, technology management should be aimed at putting in place operative
procedures for (1) maintaining and developing the medical technology stock;
(2) guaranteeing safety to both hospital professionals and patients; and (3) reducing
risks. These four phases are typically under the responsibility of the Clinical
Engineering Department because clinical engineers are familiar with medical tech-
nologies and managerial instruments.

Technology assessment in hospitals—better known as Hospital-based HTA
(HBHTA)—is strictly connected with the hospital strategy. The value of a novel
medical technology is the result of how and to what extent this technology might
contribute to putting in place the hospital strategy. Hospitals are very different
(teaching vs no-teaching, large vs small size, large city vs rural, private vs public,
general vs specialized, etc.) and have very different strategies. In this view, the same
innovation might be relevant for hospital A and irrelevant for hospital B, because
these hospitals are different and are pursuing different strategies. Hospitals that
implement HBHTA procedures cannot rely on one-size-fits-all organizational solu-
tions but must define a tailored one.

Following this line of reasoning, past research showed that hospitals follow at
least three different strategies when they adopt medical technologies [29]. They are
(1) Profit Maximization; (2) Technology Leadership; and (3) Clinical Excellence.
Each strategy significantly affects the relative relevance of the assessment criteria,
prioritizing some criteria—i.e. expected results—with respect to other ones. There-
fore, the same medical technology can be adopted by hospital A and rejected by
hospital B. In the followings, the most relevant assessment criteria for each strategy
are reported.
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Hospitals with a profit maximization strategy are expected to adopt novel medical
technologies that enable them to generate an economic return and to improve the
income statement (revenues against costs). In this view, the most relevant assess-
ment criteria are (1) investment size; (2) savings of operating costs; and (3) additional
revenues. Hospitals with a technology leadership strategy are expected to adopt
novel medical technologies that allow them to be “technology leaders” and improve
their external image to attract doctors and patients. In this view, the most relevant
assessment criteria are (1) technology innovativeness; (2) chance of being the “first
adopter”; (3) contribution to research and novel knowledge development; (4) contri-
bution to the development of new services; and (5) physicians’ pressure. Finally,
hospitals with a clinical excellence strategy are expected to adopt novel medical
technologies that optimize the satisfaction of clinical needs, regardless of financial
considerations, competitive advantages and prestige suggest other choices. Coher-
ently, the most relevant assessment criteria are (1) burden of disease; (2) potential
number of beneficiaries; (3) clinical effectiveness; (4) safety; and (5) completion of
the current portfolio of health services. As seen, the assessment criteria are expected
to be significantly different and linked to the specific strategy that the hospital is
putting in place. It is important to clarify that even if the above-cited assessment
criteria are the most relevant for each strategy, this does not mean that criteria from
other strategies are overlooked completely. For instance, hospitals that aim at profit
maximization do not overlook completely criteria, such as clinical effectiveness and
safety, but their attention is focused on other dimensions of impact.

9.3.2 The Organizational Arrangements for Technology
Assessment in Hospitals

Hospitals implement different, tailored organizational arrangements to support
HBHTA [30]. The choice of the most adequate organizational arrangement is related
to the maturity of the HBHTA practice. While hospitals that are at the beginning of
their experience with HBHTA might prefer a simple and efficient organizational
arrangement, hospitals with more legacy might prefer more sophisticated configu-
rations. The variety of organizational arrangements can be synthesized in a
two-dimension matrix (Fig. 9.8).

The horizontal dimension deals with the so-called “focus of action” for HBHTA.
The focus of action can be either “clinical practice” or “managerial decision-mak-
ing”. The former approach focuses on the assessment of novel medical technologies
concerning the expected impacts on mainly effectiveness and safety. Hospitals are at
the forefront of technological innovation and many of the technologies that are under
assessment do not have a full body and level of evidence. This might be the case for
medical devices. The priority for hospital professionals is that novel technologies,
with limited evidence, are at least safe and effective for patients, echoing
Hippocrates’s oath “first no harm”. The latter approach deals with a more
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Fig. 9.8 Different organizational arrangements for hospital-based HTA

comprehensive assessment of novel medical technologies, including other criteria
such as organizational impacts, investment size and running costs, etc. This might be
the case for equipment or digital technologies. Equipment (e.g. surgical robot,
diagnostic system) is a capital-intensive technology and hospitals managers must
forecast the economic impact—and sustainability over time—of the adoption of
such technology (see e.g. Chaps. 5, 6, and 11). Digital technologies reshape pro-
cesses, practices, and behaviours; in this view, forecasting the expected organiza-
tional impacts is a priority for hospital managers and professionals.

In Fig. 9.8, the vertical dimension deals with “organizational complexity”, that is
measured as the number of professionals involved in HBHTA activities. In hospitals
where a single professional is involved, organizational complexity is “Low”. On the
contrary, in hospitals where a group of professionals is involved, the organizational
complexity is “High”.

Combining the horizontal and the vertical dimensions, four main different arche-
type organizational arrangements—Iabelled as Models—can be identified.

The “Ambassador Model” is a low-complexity approach focused on clinical
practice (see also Chap. 3). This approach is the simplest and might be of interest
for hospitals that are at the beginning of their journey towards HBHTA. In a nutshell,
one (or more) doctor(s) who is recognized as an “opinion leader” on technology
assessment is appointed as ambassador of the “HTA message” inside the hospital,
with the purpose to persuade other physicians that novel medical technologies
should be assessed before deciding to adopt them. Hospital professionals must assess
these technologies against safety and effectiveness criteria to inform decision-
making.

The “mini-HTA Model” is a low-complexity approach that covers clinical and
managerial domains of assessment. This approach, developed in Denmark in 2006,
is widely adopted across Europe, even if with variants. Examples are the GANT
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method in Spain and MCDA-based methods in Italy. The original version of mini-
HTA is a checklist of 26 open questions on four domains (technology, patient,
organization, economics) that allow hospital decision-makers to gather a compre-
hensive understanding of the main impacts concerning the adoption of the novel
medical technology. The method is of low complexity because a single hospital
professional—typically a clinical engineer—is the main orchestrator of data collec-
tion from all professionals who own relevant information and data analysis. The
main advantage of this method is that it is efficient and simple, meeting the needs of
HBHTA. Vice versa, the main disadvantage concerns the usage of open questions
that often do not allow to collect complete and high-quality information.

The “Internal Committee Model” focuses on clinical practice and engages with a
large number of hospital professionals. The committee is a permanent organizational
structure composed mainly by physicians and clinical engineers who add this task to
their daily responsibilities. The focus of their analysis is safety and effectiveness.
Committees are very heterogeneous in size and competences and, surprisingly, past
research did not provide hospital managers with clear guidelines and advice about
how to design high-performing HTA committees. A recent study by Foglia et al. [31]
runs a quasi-experiment to gather some insights. They found that (1) quality of
HBHTA reports increases where internal committees are composed of professionals
from different specialities; (2) size and multi-speciality of the internal committee
should not grow too much to avoid inefficiencies due to increased coordination
efforts; (3) trust within the members and the attendance of HTA training are key
factors to improve performance of HBHTA committees.

Finally, the “HTA Unit Model” is the most complex and expensive organizational
arrangement for HBHTA. In this case, a permanent organizational structure com-
posed of hospital professionals from different specialities who are fully dedicated to
HTA-related activities is created. With respect to internal committees, the main
advantage is that professionals develop specialized competencies in terms of tech-
nology assessment, producing HBHTA reports with higher quality in lower time.
Methods such as Cochrane Systematic Review, GRADE analysis, and Total Cost of
Ownership (TCO) require specialized competencies that are not typically owned by
all professionals. In this view, professionals who are part of the HTA Unit can stay-
updated concerning HTA methods and tools.

The main disadvantage is that this method is very expensive because profes-
sionals are dedicating 100% of their time to technology assessment. This might make
sense for those hospitals whose strategy is technological leadership, and the adoption
of emerging medical technologies is very frequent.

9.3.3 Frameworks for Technology Assessment in Hospitals

While the production of HTA reports at the national/regional level follows
established and agreed guidelines, HBHTA reports differ significantly. The reasons
are, on the one hand, that HBHTA is a more recent research stream and less research



9 Assessment of Medical Technologies: Methods and Challenges 181

has been paid so far to this topic by scholars of health economics and health
technology assessment, and, on the other hand, the many differences among hospi-
tals—as seen in the previous sections—in terms of strategy, informative needs, and
HBHTA practices. Even if widely accepted reference frameworks for HBHTA do
not exist, mini-HTA can be assumed as a relevant cornerstone. This method made
clear that HBHTA must meet two relevant requirements of any technology assess-
ment exercise. First, an assessment must be evidence-based. Second, an assessment
must consider different domains and not just effectiveness. In this view, the emerg-
ing HBHTA frameworks share the same theoretical assumption that both hospital
managers and professionals must have been provided with clear guidelines and
advice about which criteria refer to for collecting evidence and informing
decision-making [32].

Within the variety of HBHTA frameworks that are emerging, two of them are
particularly relevant to be discussed. The first one is the IMPAQHTA framework
(see Table 9.5) [31]. This approach is interesting because it has been developed to
bridge the assessment of medical technologies between national/regional and hos-
pital levels. Grounding on the Core Model developed within the EUnetHTA collab-
oration, this approach confirms its dimensions for assessment and specify both
sub-dimensions and measures in the peculiar context of hospitals (Table 9.5).
Sharing the same architecture and technical language, this approach might facilitate
information exchanges between the different levels of the healthcare ecosystem and
narrow-down the current gap. In particular, the national/regional level is expected to
benefit from the assessments run in hospitals that, even if with partial respect to the
national/regional level, are timelier and context based.

The second HBHTA approach worth to be discussed grounds on the Innovation
Management literature and offers an original point-of-view on how medical tech-
nologies should be assessed in hospitals [28]. Based on the legacy of value-risk
matrixes, Lettieri and Masella [28] developed an original framework to inform
technology assessment in hospitals. Medical technologies should be assessed against
two dimensions (Fig. 9.9).

The vertical dimension deals with the concept of “value”, i.e. the expected
capability of the novel technology to generate benefits in terms of (1) social value
creation; (2) economic value creation; and (3) knowledge creation. Table 9.6 crys-
tallizes the criteria to measure expected benefits. Even if with different terminology,
these three dimensions of value creation echo the three main strategies hospitals
might implement when adopting novel medical technologies. Coherently, many
criteria remind to those identified for the different strategies.

The horizontal dimension addresses the concept of “uncertainty”, i.e. the possi-
bility that expected benefits might not be achieved. The adoption of a novel medical
technology is an investment, i.e. present financial resources are employed to gener-
ate additional value in the long term. However, decision-making is taken in the
context of bundled information about the future. This means that decision-makers
must evaluate and discuss the uncertainty of results. In this framework, the “level of
sustainability” means the probability that expected benefits will materialize. The
capability of a hospital to achieve expected results is a function of five different
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Table 9.5 IMPAQHTA dimensions and sub-dimensions developed within Lombardy Region in

Italy

Dimensions

Rational

Sub-dimensions

Quantitative measures

General
relevance

Scientific and empirical evi-
dence analysis aimed at pro-
viding a comprehensive
description of the general
relevance for both the tech-
nology and the population

Quality of sci-
entific evidence

Considering four dimen-
sions (quality of scientific
evidence concerning the
comparators, consistency,
completeness, and utility of
the results), using a four-
item evaluation scale
derived from “Get Five”
approach: the higher the
average measure, the pref-
erable the technology

Description of
the pathology
and the related
technologies

» Prevalence or incidence of
the pathology affecting the
population related to the
catchment area of reference
(local, regional, national,
etc.)

* Number of potential
patients treated with the
innovative technology,
divided by the population
affected by the specific
analysed disease

Safety

This dimension leads to the
evaluation of:

* adverse events, mortality,
or morbidity

* consistency of the innova-
tive technology with health
and safety policies

* consistency of the innova-
tive technology with its
guidelines or protocols

Seriousness of
adverse events
(mild, moderate,
or severe
adverse events)

* Incidence of adverse
events, divided by the pop-
ulation treated with the
technology

* Mortality and morbidity
rates

* Administration of a quali-
tative questionnaire aimed
at rating the consistency of
the innovation concerning:
(1) health and safety policy
and (2) guidelines and pro-
tocols, using a 7-item Likert
Scale (the higher the aver-
age measure, the preferable
the technology)

Efficacy

Analysis of the efficacy data
retrieved from the scientific
literature, referring to how
the innovative technology
performs in the clinical trials

Efficacy data

i.e. mortality rate related to
the use of technology, per-
centage of success of the
treatments compared, sen-
sitivity or specificity of
diagnostic images, etc.
revealed in randomized
controlled trial or literature
evidence

(continued)
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Dimensions Rational Sub-dimensions | Quantitative measures
Effectiveness Analysis of the effectiveness | Effectiveness i.e. mortality rate related to
data of the innovative tech- | data the use of technology, per-
nology, based on the hospi- centage of success of the
tal setting, referring to how treatments compared, sen-
innovative technology sitivity or specificity of
works in real-world evi- diagnostic images, etc.
dence and community based on the real hospitals
settings setting in which
technologies are adopted
Economic Economic and financial Activity-Based | Process costs comparison
financial impact evaluation, consider- | Costing considering all the direct
Impact ing: (ABC) Analysis | costs, and, where possible,
1. the healthcare process the indirect ones (the lower
considered, the economic value, the
2. the new technology bud- preferable the technology)
get impact implementation, Complete Cost-effectiveness, cost-
and Health utility, and cost-benefit
3. the number of resources Economic analysis, calculated as
spent about effectiveness Evaluation pathway or process costs
and efficiency outcomes divided by the outcome
indicator (measured with
physical, humanistic, or
economic units)
Budget Impact Target population multi-
Analysis plied by the pathway or
process costs (considering
either the ceasing or the
incremental costs, compar-
ing at least two different
scenarios)
Equity Evaluation of all aspects Equity data Administration of a quali-

related to the introduction of
the innovative technology,
considering the perspective
of the patient, and the fol-
lowing aspects:

* access to care on a local
level

* access to care for the target
treated population, including
persons of a legally
protected status

* hospital waiting lists
improvement

* invasiveness

tative questionnaire aimed
at rating the variables
related to the equity dimen-
sions, using a 7-item Likert
Scale (the higher the aver-
age measure, the preferable
the technology)

Legal, social,
and ethical
impact

Analysis of the social and
ethical issues that innovative
technology could have on
the system, considering the

Legal aspects

Administration of qualita-
tive questionnaires aimed at
rating the variables related
to the legal, social, and

(continued)
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Dimensions Rational Sub-dimensions | Quantitative measures
following aspects: ethical dimension, using a
e customer satisfaction 7-item Likert Scale (the
* productivity loss higher the average measure,
» market regulation the preferable the
technology)
Social and ethi- | Reduction in productivity
cal loss (in terms of days,
Impact hours, or minutes, evalu-
ated considering the
patient’s gross monthly
income)
Organizational | Evaluation of organizational | Quantitative Ceasing or incremental
impact changes occurring after the | impact costs evaluation and fore-
innovation implementation. cast, related to the adoption
The qualitative impact of the innovative technol-
investigates the perception ogy in clinical practice,
of clinicians, and health compared with the standard
professionals, involved in one, considering additional
this innovation change man- persons, training courses,
agement. The quantitative additional equipment,
impact aimed at the deter- spaces, or rooms needed
mination of the investment | Qualitative Administration of qualita-
needed if organizational impact tive questionnaires aimed at

changes occur. The follow-
ing aspects are investigated:
« additional people

* training courses

* meetings needed to com-
municate the technological
change

» additional equipment, or
spaces needed

* learning time of the inno-
vative technology

rating the variables related
to the organizational
dimension, using a 7-item
Likert Scale (the higher the
average measure, the more
preferable the technology)
both in the short-term
(12-month) and in the long-
term (36-month) period

IMPAQHTA IMPlementation of A Quick hospital-based HTA

factors. They are (1) economic sustainability; (2) organizational sustainability;
(3) technological sustainability; (4) resource sustainability; and (5) context sustain-
ability. Table 9.7 crystallizes the main criteria.

Even a cursory analysis of this framework would make clear why different
hospitals might make different decisions concerning the same novel medical tech-
nology. While some criteria refer to factors that would receive a similar assessment
from different hospitals (e.g. the coherence to the legal framework, the existence of
agreed guidelines, the position in the life cycle), other factors are hospital-specific
(e.g. technology acceptance among physicians, coherence to the current portfolio of
technologies). In this view, hospitals must develop capabilities and competencies for
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Fig. 9.9 The value/sustainability framework for HBHTA

Table 9.6 Measuring “Value” in hospitals

Perspective Benefits

Measures

Short-term

Social value creation

Clinical effectiveness

Patient’s or family’s satisfaction

Economic value creation

Revenue generation

Cost savings

Gains in either image or reputation

Long-term

Knowledge creation

Development of new health services
Development of new healthcare technologies

Building-up of new communities of knowledge

Table 9.7 Measuring “Level of sustainability” in hospitals

Sustainability factor Measures
Economic Degree of self-funding
Ratio “fixed/variable costs”
Coherence to strategic goals (top managers’ commitment)
Organizational Technology acceptance among physicians
Uncertainty in clinical practice
Technological Positioning in the technology life cycle (TRL)
Coherence to the current portfolio of technologies
Resource Training intensity
Coherence of human and physical resources
Context Coherence to the current legal framework

Coherence to the generally accepted ethics (legitimacy)
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technology assessment also where a national HTA Agency does exist because
findings at the national/regional level must be contextualized at the local level.

9.3.4 Acceptance of Innovation in Hospitals

Many medical technologies might disrupt current practice. In this view, physicians’
acceptance of these innovations is a salient criterion to measure organizational
sustainability, as discussed in the previous section. Past research has gathered a
significant body of evidence concerning physicians’ resistance—or indifference—to
novel medical technologies. A paradigmatic example is offered by telemedicine. The
diffusion of ICT-enabled innovations—e.g. electronic medical records, “televisit-
solutions”—has fallen far behind expectations, and physicians are still not
championing such innovations. These examples make clear that physicians’ accep-
tance is of paramount importance when assessing the adoption of new medical
technologies and related changes in their practice and behaviours. Acceptance of
innovation—and its antecedents—has been a widely investigated research topic in
the last decades. Within an extensive body of literature, two main streams might be
crystallized.

On the one hand, scholars of applied psychology and information science devel-
oped theoretical explanations grounded on the assumption that “acceptance” is the
result of the rational evaluation made by single individuals—in this case, hospital
professionals—of pros and cons generated by specific innovations. Coherently to
this premise, a variety of user acceptance models, derived from the seminal Tech-
nology Acceptance Model (TAM) [33-36], have been generated in the last years
(e.g. TAM2, UTAUT). Although there are some differences among the models, they
all share a “perceived usefulness” and a “perceived ease of use” as the most relevant
predictors of physicians’ intention to adopt a novel medical technology
[37, 38]. Social pressures are also relevant, but only when exercised by peers
(i.e. by other hospital professionals) and not by top managers.

On the other hand, scholars of institutional theory and organization science,
especially those dealing with professional organizations such as hospitals, developed
theoretical explanations that show how a complex bundle of institutional arrange-
ments (i.e. regulations, social norms, and cultural systems) limit and affect individual
behaviours. According to these studies, employees’ decision to accept novel medical
technologies is not the result of rational evaluations, but of the influence exerted by
the overarching structures, rules, social norms, and culture in which they are
embedded [37]. Past studies within this research streams crystallized three main
institutional factors that might shape hospital professionals’ intention to engage in
new practices or accept novel medical technologies. First, professionals are affected
by the expectations of the organization (regulative factor). The more the organization
provides coercive or persuasive mechanisms that direct or control practice, the more
professionals are likely to comply with these expectations in search of retribution.
Second, professionals are affected by peer influence (normative factor). The more
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the meaning system across professionals is cohesive and aligned towards the adop-
tion or the rejection of novel medical technology, the more professionals are likely to
adhere to this social norm without challenging it. Third, professionals are affected
by initiatives and discussions that are run day-by-day in the organization (cultural
factor). The more the organization agrees that the current status quo is not adequate
anymore and changes are required, the more professionals are likely to contribute to
change by enacting innovative behaviours.

Recent research has started to investigate the potential interplay between indi-
vidual and institutional factors, arguing that the two theoretical perspectives might
be merged into a more comprehensive understanding of what drives hospital pro-
fessionals’ acceptance of new medical technologies. De Benedictis et al. [38]
gathered evidence that institutional factors affect individual evaluations and contrib-
ute to physicians’ acceptance of innovative technologies. These findings reinforce
the evidence that the same medical technology might be accepted or rejected by
different hospitals, and/or within the same hospital by different groups of profes-
sionals. In this view, HBHTA cannot overlook the assessment of the factors that
might shape professionals’ acceptance of novel medical technologies, also to design
and implement strategies that might facilitate its acceptance. The causal connection
between the regulative pillar (i.e. the expectations of the organization) and perceived
usefulness clarifies that hospital managers are in the position to affect acceptance
through initiatives that make more evident the benefits expected by the adoption of
specific innovations.

9.3.5 Government of Technology Assessment in Hospitals

As discussed in the previous section, past research has developed a significant body
of evidence about the methods and criteria that should be implemented to assess
novel medical technologies in hospitals. Surprisingly, fewer efforts have been paid
so far about how to assess the “health status” of the HBHTA process itself. This
process is of paramount importance for every hospital and its performance in terms
of quality, timeliness, and efficiency should be monitored continuously by hospital
managers and clinical engineers. From a pragmatic point-of-view, there is no
advantage in designing and implementing sophisticated HBHTA processes that are
not able to provide decision-makers with relevant—and reliable—information when
they need it. In this view, measuring the current performance of the HBHTA process
against targets that have been identified and agreed is necessary for implementing
corrective actions where needed.

Let us consider this example taken from real cases. Every month about 30 new
requests for the adoption of medical technologies are submitted by hospital pro-
fessionals. They expect to receive a feedback (either positive or negative) in less than
4 weeks. Internal Committees are composed of about ten hospital professionals who
add technology assessment of new proposals on top of their daily activities. HTA
Units are composed of about five hospital professionals. How should be designed an
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Table 9.8 Performance measurement of HBHTA in hospitals

Efficiency
Volume Quality Time (Costs)
Collection Number of Number of com- Number of requests Time spent in
of requests | requests per plete requests on filled in less than consulting
month the total 2 days/person proponents
Assessment | Number of Number of Number of requests Number of
of requests | requests appeals from pro- | assessed within requests that
assessed on the | ponents on total 30 days on the total have been
total proposals filtered
Feedback to | Number of Number of propo- | The time between Time spent in
proponents | rejections nents that accept rejection and providing pro-
discussed with rejections feedback ponents with
proponents feedback
Support to Number of Number of deci- The time between the | Time spent by
decision- HBHTA reports | sions aligned to delivery of HBHTA | decision-makers
makers the reports and decisions | on HBHTA
recommendations reports

HBHTA process to meet hospital professionals’ expectations in term of high-quality
and timely reports, as well as hospital managers’ expectations of efficiency and cost
containment of the HBHTA process itself?

Foglia et al. [31] shed first light on how to design a hospital Internal Committee
for technology assessment to maximize high quality and efficiency. The European
project “AdoptHTA” developed practical guidelines for the design of an HBHTA
process in hospitals. Iadanza et al. [39] argued the urgency to implement practices of
evidence-based management of medical technologies along with their whole
lifespan in hospital. Although the undoubted value of these contributions, research
on this topic is still at an early stage and further work is necessary to provide hospital
managers and clinical engineers with clear and validated guidelines and advice.

Table 9.8 points out an example of key performance indicators (KPIs) that might
be used by hospital managers and clinical engineers to monitor the “health status” of
the HBHTA process in place.

The design of the most informative KPIs should be complemented with the
crystallization of the most adequate targets. By monitoring the capability of the
HBHTA process to meet the expected targets (e.g. assessing all received proposals
for novel medical technologies with 30 days) over time, hospital managers and
clinical engineers might identify improvement areas and implement the necessary
corrective actions (e.g. increased the automatization of the HBHTA process through
the adoption of a dedicated informative system).

Conclusion and Emerging Topics About the Assessment of Medical Technologies
In the previous sections of this chapter, some avenues of further development of the
assessment of medical technologies have been pointed out. At least four “areas” will
witness significant improvements within the next years.
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First, the traditional approach based on Cost-Utility Analysis (CUA) will be
challenged by Multi-Criteria Decision Analysis (MCDA) and Social Return on
Investment (SROI). While CUA is a well-established and robust method, its actual
informative power is under discussion. The final goal of any assessment exercise is
to support decision-making. If decision-makers systematically do not refer to HTA
reports to ground their decisions about the adoption of novel medical technologies,
this means that evaluators failed to meet their primary goal.

Second, some domains of HTA need an enhanced degree of operationalization.
The most evident example is about the “organization” domain. Both at the national/
regional and hospital levels, this domain is not fully translated into relevant criteria
to be assessed. The extant literature offers different approaches but none of them has
been largely adopted and assumed as a generally accepted practice. This issue is
particularly relevant and urgent for those innovations, such as telemedicine, that can
unfold their potential value only because of significant organizational redesign and
changes.

Third, the governance of the HTA process both at the national/regional and
hospital levels requires the design of KPIs and targets to monitor its “health status”
over time. These KPIs, where agreed by different committees, will allow bench-
learning initiatives—as done currently for the performance of different international/
regional healthcare systems—and the crystallization of good practices to be shared.
This will guarantee the continuous improvement of such processes.

Fourth, the constantly increasing capability to both collect and analyse real-
world data (e.g. from electronic medical records, clinical registries, population-
health databases, hospital discharge forms, wearables) offers the opportunity to
expand the sources of evidence considered within the HTA reports. At national/
regional level, the capability to analyse large-volume administrative data might help
to complement what is known from the literature with data from the field. This
allows to move the discussion about effectiveness from the evidence collected in
clinical studies to that collected in daily hospital practice. At the hospital level, the
progressive diffusion of data warehouse might help to better forecast the impacts due
to the adoption of a novel medical technology.

Take Home Message

— The healthcare system worldwide needs a reload of the present paradigm in
the direction of the value-based healthcare approach.

— Innovation and technology are the key factors for the success of this new
approach.

— The introduction of technology and innovation must be deeply analysed
using the instruments for the evaluation of investment (and divestment) in
healthcare (e.g. HTA, CUA, SROI).

(continued)
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— The introduction of innovation should also consider the legitimacy of the
taken decision and the impact that the new technologies have on care
delivery organizations and society.

— A general and mutual understanding among decision-makers in hospitals is
needed in order to allow the introduction of novel medical devices.
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Chapter 10 )
Reimbursement Systems for Healthcare: e
Considerations on “Pay for Performance”

Claudia Vienken, Emanuele Gatti, and Joerg Vienken

Abstract Demographic changes, limited healthcare budgets and performance-
based attitudes for medical therapies have led to Pay-for-performance programs in
healthcare. Here, consumer (patient), provider (physicians and nursing staff) and
payer (patient and health insurance funds) are all involved. To reach targets based on
measurable quality indicators, incentives are provided for the efficient use of medical
resources and medical devices. The establishment of such key factors needs a
consensus among the involved stakeholders to be successful. This consensus can
only be reached if the interests of these groups are balanced, beard in mind and
special attention is paid to such a complex process. Artificial intelligence-based
analyses of large patient databases may be of help in improving this situation.
Medical devices underwent a metamorphosis from a simple instrument to a complex
tool allowing for sophisticated performances and the active, online interaction with
treatment modalities. Innovative devices allow for covering preventively responsi-
bilities in medical care and impact disease management. Vertically structured com-
panies can serve as a model for successful corporates in medical device technology.

Introduction

Public expenditures for health care reach on average the total of 9% of GDP in most
industrialized countries according to the Organization for Economic Cooperation
and Development (OECD). There is a clear positive association between healthcare
spending per capita and life expectancy. Depending on risk factors, countries with
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Fig. 10.1 Health care spending, life expectancy (arbitrary units) and risk factors in different
countries. There are countries with low healthcare expenditure (upper left-hand panel) but with
increased life expectancy. Compared to other countries, the USA (lower right-hand panel) exhibit a
moderately reduced life expectancy despite high expenditures on healthcare. (Adapted from [1],
GBR Great Britain)

the highest health care expenditures (HC spent) however, do not automatically show
the best results in this realm (Fig. 10.1, [1]).

As shown in Fig. 10.1, there are still improvement opportunities in both
healthcare efficiency and healthcare expenditure. Currently observed changes in
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demography have a strong influence on both factors. An increased number of elderly
people will depend on a more intensive care and thus create higher levels of related
cost. Further, the development of both, high-cost medical devices, therapies and
pharmaceutical agents for individualised therapies imposes already to date a high
pressure on healthcare budgets. Consequently, the search for measures to increase
both, efficiency and performance, as well as the identification of related guiding
factors have become a matter of debate since many years [2—4].

In addition, recognising the growing prevalence of value-based care, medical
device companies are increasingly incorporating risk-sharing programs into their
customer agreements. Conceptually, these efforts are a step towards aligning med-
ical device suppliers and hospitals to providing value-based care. In the context of
shrinking margins and the striving for a concept towards value-based care, risk- and
budget-sharing contracts with medical device manufacturers and other healthcare
stakeholders hold significant promise for healthcare systems. This affects all stake-
holders, if they are fully informed about related financial consequences before
entering these arrangements. Mutually accepted quality indicators are a sine-qua-
non condition when considering value and risk in healthcare.

10.1 Pay-for Performance and Clinical Therapies

Hospitals measure the patient’s length-of-stay and many use this measure as a
surrogate marker for quality and efficiency. Questions arise whether this first metric
is also considered by patients when thinking about hospital quality. Even from an
administrative point of view, the financial benefit of a patient’s reduced length of
stay cannot be realised, unless cost of labour is reduced at the same time.

At the onset of the 1960s, such debates have been advanced and investigations
have been performed about “Pay-for-performance (P4P)” programs in the United
Kingdom (UK) [5] followed by the USA in the later 1990s [6]. They circulated
around efficient and high-quality healthcare systems, because published data have
revealed inefficiencies in the British healthcare system [7]. Central questions arose
already at that time on how to define key figures for assessing performance, quality
and efficiency in order to find a measure for an adequate payment [4]. Given that
such figures are identified, improvements in the status-quo of healthcare systems are
possibly realized both in a timely and long-term manner [8]. A general approach to
get an understanding of “performance” in this chapter and defining value in
healthcare can be taken by:

Value — Quality of Care + Services
Cost

where “Cost” combines medical cost and nonmedical cost. Medical costs comprise
both therapy and hospitalisation cost, medication, outpatient care and patient-
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transportation, whereas nonmedical cost refer to productivity losses of patients and
caregivers, as well as cost related to environmental burdens.

Improving Quality of Care, especially for patients with chronic diseases, is
generally realized by financial and nonfinancial incentives for physicians and care
givers. Today, healthcare providers and payers spend substantial resources
collecting, analysing and reporting data on providers’ performance. Associated
negative aspects and undesirable consequences have to be minimized by optimising
such incentives in the long run.

Based on experiences in the UK, many countries have recently started with “Pay-
for-performance (P4P)” programs in healthcare, mostly for the management and
therapies of chronic diseases, such as e.g. diabetes [9, 10]. They focus on both,
quality of care and quality of life (QoL) in affected patients [8]. Still to date however,
many of the P4P programs lack long-term experience and thus, contradictory and
non-reproducible results are still common [11].

10.1.1 Pay-for-Performance (P4P) Programs

Pay-for-performance (P4P) programs in healthcare are based on control mechanisms
which allow for the quality improvement of medical therapies whilst strictly coping
with current limited healthcare budgets. Patients and healthcare providers further
determine boundary conditions which are set by both, the general health situation of
a defined population, and by a currently diminished availability of care givers. For
instance, on the one hand, the patients’ performance depends on their individual
health behaviour including risks, such as a high body mass index, the deliberate
exposure to infection or underlying noncommunicable diseases. On the other hand,
healthcare providers face general healthcare problems, such as demographic changes
or the impact of policy decisions. All stakeholders must cope with mutual benefits,
claims and payments, whilst all parameters depend on healthcare resources, avail-
able expenditures and funding (Fig. 10.2).

In addition, adequate allowances for physicians and caring staff should positively
contribute to quality of life (QoL) and a healthy and productive ageing of patients. A
performance- and quality-based reimbursement system for ambulant- or hospital-
based therapies, a so-called P4P program aims at providing solutions and a way-out
from budget constraints in healthcare. PAP is currently advanced by two different
models:

1. Prospective model:
Bonus payment for achieved performances in advance.
2. Retrospective model:
Reimbursement of performance depending on the assessment and analysis of
preassigned key factors.

Both models depend on targets and key figures which may change according to
actual boundary conditions. Consequently, “P4P is not a magic bullet” as it was
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Fig. 10.2 Interdependencies of patients and healthcare providers in terms of mutual benefits,
claims and payments (own representation).
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explained by M. Roland [12]. P4P systems need to be strategically and continuously
adapted to the stakeholders’ actual needs to sustain improvements in the quality of
care in the long run.

The general premise of PAP is based on the assumption that physicians in charge
will react positively on financial and nonfinancial incentives and can thus be
motivated to improve their performance and to successfully reach predetermined
targets [13]. However, and unfortunately, a convincing general proof of efficiency
shown by existing P4P models cannot yet be demonstrated [6, 11, 14]. Possible
reasons are incentive systems which depend on location and type of hospital, limited
healthcare budgets and increasing material and labor cost, as well as problems in
defining and assessing therapy quality. Overall, it must be assumed that special local
overall conditions exacerbate the identification of key indicators for clinical effi-
ciency [6, 11].

10.1.2 Determining Factors for the Introduction of P4P
Programs

Boundary conditions for P4P models are highly relevant for the development of P4P
systems. Before introducing P4P programs, determining bystander conditions have
to be identified, defined and modelled at an early stage. These factors include the
type and organisation of national healthcare systems and the amount of available
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Fig. 10.4 Percent growth rates in expenditures for healthcare per capita in European countries
(2008-2013 dark blue bars) and 2013-2019, bright blue bars). All European countries show an
increase of health expenditure between 2013 and 2019. An average of 3% increase is found for the
EU27 in this period. (Adapted from [15])

healthcare budgets, the number of affected patients and their age distribution in
related areas.

In European countries (EU27), healthcare budgets in comparison to the GDP
have reached a plateau in recent years (Fig. 10.3).

It is noteworthy that healthcare expenditures computed per capita have increased
as well (Fig. 10.4, [15]). Reasons for this notion are changing demographic factors,
i.e. an increasing number of elderly people, an improved healthcare availability and
the use of perfected and possibly expensive medical devices. Data from Germany
support the notion that the number of elderly people is currently rising [16]. The
number of people with advanced age (80 years and more) increased by 4.5%
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between 2011 and 2020 and reached 5.9 million (7.09% of the total population [17]).
Actual forecasts guestimate an even higher figure in this cohort for the next decades.
When the birthrate will reach a level below the so-called “compensatory level”,
problems in per capita healthcare budgets will become even more pronounced. The
“compensatory level” refers to a birthrate which is necessary to maintain the actual
population number. When birthrates drop and the number of elderly people
increases, healthcare cost per capita cannot be covered by the younger generation
in the future. It is, therefore, reasonable to ask whether P4P models as a preventive
action can help to overcome these problems.

10.1.3 Motivation of Involved Stakeholders and Their
Possible Conflict of Interest

It is generally assumed that performance-based allowances can contribute both to an
improved healthcare quality whilst keeping cost under control. The success of P4P
models however, depend on how early possible conflicts of interest between the
involved stakeholders are identified and qualified. Unfortunately, a general consen-
sus between the different stakeholders in healthcare provision does not exist yet. A
common understanding is mandatory of why and how quality indicators of a therapy
success are applied. Only hereunder acceptance of all stakeholders can be guaranteed
despite certainly existing different conflicts of interest [17].

In the following, we provide an overview of those stakeholders who determine
the success of a PAP program.

Patients as Stakeholders

Patients are to date better informed and seek validation and guidance during thera-
pies. They demand the provision of adequate healthcare technology, have a close
look on process quality during treatment and expect treatment experience and
personal involvement by caregivers. Consequently, patients enjoy top priority in
all PAP programs. These programs start from the premise that the patient’s QoL will
be improved if more efficient medical devices are used and therapies are provided
more closely in time. However, the success of a therapy depends on both the
subjective feeling of a patient in terms of e.g. perceived quality of treatment, her/his
mental health and her/his initial clinical situation. In addition, patients link “quality”
not only to an outstanding clinical treatment but also to both a sympathetic attention
of nursing staff and explanatory communication skills of physicians in charge
[17]. Such skills impact patient compliance and therefore determine the positive
treatment outcome.

The mutual cooperation of patients with the respective doctor and thus their
compliance depends on socioeconomic aspects, i.e. their individual medical records
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combined with their private cost sharing. In healthcare systems without statutory
health insurances, cost sharing is high and the impact of patient compliance is more
pronounced. Further, patients have often only limited or asymmetric knowledge and
information about necessary therapies, such that they are unable to judge the need of
a medical therapy, the application of a costly medical device and its best achievable
result. Consequently, an active cooperation and a transparent communication
between physicians and patients are necessary conditions for metrics to improve
clinical quality and performance.

Physicians as Stakeholders

Physicians represent the executive body in P4P programs. Defined medical out-
comes are determined by the physicians’ performance which is, therefore, addressed
by P4P allowances. Typical P4P programs provide additional remunerations given
that medical records improve in a defined period of time. Physicians, who participate
in PAP programs, are prone to achieve good therapeutic results through efficient
treatment modes and best-performing medical devices [17]. In this context, a conflict
of interest between patients and physicians cannot be excluded. Patient welfare can
turn out to be even subordinated, if high financial incentives are provided for
applying specific treatment options. In contrast, the social and personal reputation
of a physician is recognised by premium-quality of care and is last-but-not least
determined by medical ethos. P4P programs, however, may also have a negative
impact. For instance, British physicians were afraid to lose their autonomy and their
professionality after the introduction of P4P programs. They argued that the nursing
staff will be responsible for their medical activities due to cost and time
constraints [5].

P4P programs are no stand-alone systems. They allow to compare the efficiency
of physicians, outpatient centres and hospitals. When documented, patients might be
willing to change the doctor in charge due to their respective delivered performance,
which finally motivates the doctor to improve his personal performance.

Hospital Management as a Stakeholder

The hospital management is assigned to coordinate P4P programs and is in charge to
identify organisational tools and modalities to reach predetermined P4P targets. The
success of these activities depends on whether targets are mutually accepted by the
clinical stakeholders, whether performance indicators are reasonable and how
existing therapy standards can be modified [7].

The hospital management obviously has to focus first on patient satisfaction and
both therapy performance and success, not neglecting the access to healthcare
provision [7]. These aspects also determine the incentive commitment for physi-
cians, which should motivate physicians to improve their performance.
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The primary goal of the hospital management is focused on increasing cost-
efficiency. By improving therapy quality and optimising medical device resources,
medical malpractice should be minimised which finally should lead to a reduced
hospitalisation.

Health Insurance Funds as Stakeholders

Health insurance funds top the hierarchy of P4P programs. They define the targets in
healthcare to be reached by the stakeholders involved. In addition, they settle
financial means necessary to reach the appropriate targets. Under the control of
health insurance funds, treatment costs are determined by available healthcare
budgets, which finally predefine quality and orientation and targets of health ser-
vices. The basic interest of this stakeholder is to provide appropriate medical benefits
with high efficiency at minor cost. When introducing P4P programs, health insur-
ance funds further expect to reduce cost related to over- and under supply of
prescribed medical devices, as well as to inappropriate healthcare. The establishment
of healthcare standards could help in this regard.

It must be mentioned however, that health insurance funds—as a disadvantage—
have to bear in mind and prioritise the interests of several principal actors.

10.1.4 Case Report: The P4P System in the United Kingdom

A few decades ago, there was little effort to assess the performance of healthcare
systems due to a general agreement that healthcare quality and medical treatment
was unmeasurable. Therefore, no agreement among the involved stakeholders could
be simultaneously reached about the nature and dimension of “quality indicators”.
Today, healthcare providers spend substantial resources collecting, analysing and
reporting data on providers’ performance and link their efficiency to variable
incentives [4]. In 2004, the United Kingdom introduced one of the World’s largest
Pay-for-performance programs, the “Quality and Outcomes Framework (QOF)”.
Within this framework, data on medical expenditures and medical personal were
recorded in relation to the income of family doctors and special hospitals for patients
with chronic diseases were established. The British Government provided additional
funds of 1.8 billion £ over 3 years and by this means increased the income of family
doctors by 25% as an incentive for a better therapy quality [18].

Already in the beginning of realising the PAP programs, it became clear that P4P
models are highly suitable for the documentation of successful therapies in chronic
diseases. For instance, pharma-, research- and medical opinion leaders agree upon
saying that chronic kidney patients and the treatment of haemodialysis are keys to
innovative concepts of care [19].

The following actions have been taken in the UK in 2004:



202 C. Vienken et al.

1. Establishment of a set of quality indicators consisting of 147 key figures from
four different quality domains, such as clinical processes and structure, patient
outcome and patient satisfaction.

2. Round-up of key figures to a maximum of 1000 points in order to determine a

final score for the determination of payments.

. Payment of 120 £ per achieved point.

4. Establishment of “exception-rules” as a risk adjustment. Due to administrative or
specific medical reasons the therapy of patients, who deny a therapy or suffer
from actually occurring additional diseases, can be excluded from the quality
indicator benchmark.

5. Application of “Electronic medical record systems (EMR)” to document medical
interventions and to identify medical therapy improvements.

6. Annual readjustment of QOF by the British Medical Association and the Depart-
ment of Health.

W

10.1.5 Results: General Observations

The P4P program realised in the UK in the last decades concentrated on the
prevention and treatment of chronic diseases due to a given simplified control of
impacting parameters. Since the introduction of the QOF, verifiable improvements
were seen in the British healthcare service. However, a precisely controlled defini-
tion of quality indicators and a closely controlled analysis of type and delivery of
incentives render a clear-cut conclusion about advantages or even disadvantages
difficult. As a program, which was endowed by the British Government, subsidiaries
were limited in time and did not finally yield general structural changes. Despite
additional bonus payments for physicians, hospital administrations had to make
substantial investments into data recording systems in order to reach quality targets.
This was a handicap especially for low-performers in the P4P program.

It can be assumed as an outlook, however, that the enormous actual increase in
data storage capacity, combined with intelligent analytical tools, the evaluation of
patient data will allow for a better targeting of aims and goals in future P4P
programs. Indeed, a significant rise in patient data is also linked to newly available
noninvasive sensors for physiological parameters. They will allow for a closely
linked scalability of incentives for both hospital administrations, nursing staff and
physicians. Future P4P programs also have to take data-protection and
-anonymisation into account, which makes it difficult to obtain a reliable assignment
of achievements to one or the other stakeholder.
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10.1.6 Results: Improvements in Clinical Quality Indicators

The introduction of P4P programs in line with the Quality and Outcomes Framework
(QOF) has led to substantial clinical benefits. When looking at specific diseases,
such as diabetes, pneumonia, asthma and coronary heart disease, quality scores rose
continuously [5, 14]. For the endpoint “mortality” however, no significant differ-
ences could be observed when comparing control regions with a verum group in
North Western UK (Fig. 10.5, [14]).

10.1.7 Lessons Learned from QOF Daily Practice

Key elements for the improvement of medical treatment need to be those quality
indicators which allow for an objective and reliable assessment. Those indicators are
both, multifactorial and multidimensional and are characterised by the following
criteria [17]:

. Validity criteria have to be determined by a committee of experts.
. Sensibility and reactivity for changes and modifications.

. Reproducibility under multiple medical conditions.

. Acceptance by all stakeholders.

. Measurability even for different disease states.

| I O R S R

Lessons learned during the introduction of QOF, show that management struc-
tures, workflow processes and patient outcomes impact key quality figures to a high
degree [20]. Structural parameters take into account the value of staff qualification
and material resources. They are directly linked to the availability and performance
of medical devices. Strategies for the improvement of high-value care depend on
how these resources are available and efficiently used. Workflow indicators allow
for documenting patient data and related information as well as details on the
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Fig. 10.5 Average hospital performance on quality scores for three clinical conditions linked to
incentives in a P4P program in UK (a) and paralleled in hospital mortality at 30 days (b). Whilst
hospital performance improves over 4 years, no difference can be found between regions exposed to
a P4P program and control regions for %-mortality under the same conditions. (Adapted from [14])
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performance of individual clinical treatments and prescriptions for medicinal drugs
[17]. For instance, in QOF the number of patients is covered by workflow indicators,
who have been treated by defined clinical guidelines. It is possible to easily and
continuously measure workflow indicators. They are, therefore excellent P4P indi-
cators, as they also allow for the precise information on the performance of physi-
cians in charge. Finally, data on patient outcome determine to a high degree
whether a treatment was successful. Data on patient outcome can be defined by
the following 5 D’s [21]:

¢ Death. Despite a defined treatment, death cannot be avoided.

* Disease. Symptoms and clinical sequelae can still not be avoided.

* Discomfort. There is still a number of adverse reactions, such as pain.

* Disability. The treatment leads to an impairment of body functions.

* Dissatisfaction. Patients still suffer from a therapy and show personal discontent.

The success of a treatment needs to be qualified by both, the judgement of the
doctor in charge and the subjective perception of the patient. This correlation has
proven to be important. Perceptions on the patient’s QoL strongly depend on her/his
actual health condition and the capability to cope with her/his individual situation.
For instance, two patients with the same degree of sickness can still show different
sensations of their QoL [22].

As a conclusion, no supporting observations and evidence can be reported that
hospitals, whilst having operated under P4P programs for a longer period of time,
had a lower patient mortality than other hospitals. This suggests that even under an
increased observation time, it is unlikely that under the current conditions P4P
programs will turn out to be successful in the future [6].

Future schemes for improving healthcare need to focus especially on the elderly
population with its deteriorating physiological conditions, because the subsequent
risk to develop chronic diseases leads to an increased care dependency. Prevention
measures should be included in scores to describe healthcare performance as addi-
tional quality markers [23].

Further, an iterative approach in terms of design thinking for the creation of value
should be initiated and is recommended. With design thinking solutions can be
obtained for a better understanding of the position and needs of users (physicians,
caregivers, patients and other providers), and assumptions for a better performance
and routes to redefine value in healthcare can be elicited. Design thinking approaches
in healthcare are able to enhance innovation, efficiency, and effectiveness [24].

10.2 Performance and Compensations for Medical Devices

Pay-for-performance programs have neglected the role of medical devices and their
specific contribution to treatment quality. The question arises, whether a special
focus on device performance or on innovative device features may contribute to
healthcare quality and thus to its value. In the following, we will discuss recent
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trends and changes in the medical device market and identify the new role of medical
device manufacturers.

10.2.1 Trends and Observations in the Global Medical Device
Market

Health and healthcare are influenced by many key factors, such as patient medica-
tion and nutrition, cosmetics and treatments with medical devices. Further, medical
devices are not exclusively applied in ambulant and clinical therapies. They also play
a significant role in in vitro diagnostic analyses and are therefore addressed by a
recently issued EU regulation the “IVDR in vitro diagnostic medical device regula-
tion” [25]. The IVDR parallels the new EU medical device regulation (MDR [26])
and was also issued on May 26, 2017. In contrast to the MDR, which became
effective on May 26, 2021, the official date for its starting validity is May 26, 2022.

Therapies with medical devices are directly linked to quality and outcome of
patient care and thus, determine QoL. The portfolio of medical devices also includes
healthcare budgets and profitability for medical device manufacturers (Fig. 10.6).

Medical devices can be considered the motor in many therapeutical interventions.
In order to be innovative and cost efficient, developments in medical technology
undergo a long-lasting process from concept, production and approval to marketing
and clinical application. By collaborative interactions and commitments between the
many involved stakeholders, priority needs within regulated areas and points of
intersections have to be defined to address benefits. Design thinking approaches start
here and could support the enhancement of innovation, efficiency and reliability in
medical device technology [24]. From a manufacturer’s point of view, the three
“G’s” play a major role, and have to be practiced:

Medical device technology
Diagnostics

Therapies and care

Quality of life (QoL)
Healthcare budgets
Profitability

o

Medication MedTech

o
o
o
o

Impact on
Health & Healthcare

Nutrition Cosmetics

Fig.10.6 Health and healthcare are influenced by many key players, such as medication, nutrition,
cosmetics and treatments with medical devices. Apart from direct interactions with patients in terms
of diagnostics, therapies and QoL, the portfolio of medical devices also impacts healthcare budgets
for health insurance funds and the profitability of manufacturers
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* Good Manufacturing Practice (GMP),
e Good Laboratory practice (GLP) and
¢ Good Clinical Practice (GCP).

See also Chap. 13 for details on GMP, GLP and GCP. In addition, medical
devices can only be marketed when they have been approved by authorities, such
as e.g. EMA (Europe), FDA (USA) or MHW (Japan) after having undergone
successful clinical trials from Phase I to I'V. It is understandable that these processes
need time and money.

As compared to clinical therapies and related P4P programs, two aspects deter-
mine investment and innovation in the medical device field: Compliance and Cost.

Compliance refers to established standards and regulations, such as e.g. the EU
Medical Device Regulation MDR (which came into force on May 26, 2021, [26]),
the in vitro Diagnostics Regulation (MDR/IVDR [25]), the ISO 10993 (Biological
evaluation of medical devices), the ISO 14971 (Application of risk management to
medical devices [27]), and Regulation (EC) 1394/2007 on Advanced Therapy
Medicinal Products (ATMPs [28]) or others. Most of them are touched in detail in
Chaps. 4, 5 and 13.

Cost and investments for research, production and marketing determine compet-
itiveness of medical device manufacturers in a global market. Both terms, compli-
ance and cost, are addressed in two statements with a similar sentence construction.

Already in 1957, Mary Lasker (1900-1994), an American healthcare activist and
founder of the “Lasker-Award for Medical Research and Technology”, commented
concerns about necessary high cost for investments in innovative medicines [29]:

If you think research is expensive, try disease!

Thinking in a similar way, the former U.S. Deputy Attorney General Paul
McNulty addressed compliance in 2009 [30]:

If you think compliance is expensive, try non-compliance!

International regulatory affairs, as well as prescriptions to perform quality- and
risk-management processes, are costly and affect economic growth and the compet-
itive position of medical device manufacturers. The return-on-investment (ROI) of
globally active medical device producers further depends on national regulations,
incentives and subventions for medical devices and related therapies and are thus,
uncontrollable by a manufacturer. As shown e.g. for the treatment of chronic kidney
failure, the reimbursement of thrice-weekly haemodialysis, including cost for med-
ical devices, strongly depends on national variables (Table 10.1, [31]).

Budgets in healthcare depend on their availability. Current global trends tend to
budget restrictions despite the increase in the number of patients in need. However,
some financial resources for healthcare and medical devices are still for things
without value. Analyses from the USA attest that a high amount of money and
budgets in healthcare are spend on nothing due to system failures (Table 10.2,
[32, 33]. The authors of these analyses, W. Shrank and colleagues, also reviewed
the available literature on efforts to reduce wasted money and concluded that about
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Table 10.1 Reimbursement per thrice-weekly haemodialysis services in different countries
(in US-$)

The United US-
Belgium | Germany | Netherlands | Kingdom | France |Ontario |Canada

Self-care 1045 675 1668 744 909 689 502
haemodialysis

Home 1045 675 1246/1905 | 744 816 689 385
haemodialysis

CAPD 985 1077 1126 502 718 689 636
APD 985 1077 1126 612 925 689 733
Hospital 1608 675-1131 | 1668 744 1364 | 689 745
haemodialysis

Data taken and compiled from [31], CAPD - Continuous Ambulatory Peritoneal Dialysis, APD -
Automated Peritoneal Dialysis

Table 10.2 Identified six domains showing a high range of wasted annual money in healthcare in
the United States of America.

Wasted money Value of savings from
[in billion US $] Reason interventions [in billion US $]
104.2-165.7 Failure of care delivery 44.4-93.3
27.2-78.2 Failure of care coordination 29.6-38.2
75.7-101.2 Overtreatment or low value of care 12.8-28.6
230.7-240.5 Failure of pricing 81.4-91.2
58.5-83.9 Fraud or abuse 22.8-30.8
265.6 Administration complexity n.a.
760-935 Annual cost of waste (25% of total US
healthcare spending)
Savings from interventions 191-282

Data compiled from [33], n.a. not assessed

25% of these expenditures could be reduced with the implementation of well
documented current programs. According to an analysis of the US Institute of
Medicine interventions, which have proven to be of value in healthcare, such pro-
grams need unfortunately 15-17 years until they penetrate general use in the
healthcare environment. Whether these figures from the USA are representative
for other countries either, still remains a matter of debate.

The question arises on how these cost considerations can be put into positive
perspectives and how financial and hardware resources for medical devices can be
exploited more efficiently. The look on general conditions of medical device- and
healthcare providers and related markets may offer a closer understanding of the
current situation (Fig. 10.7).

The medical device market has become global. The export of devices and related
systems determines production, marketing and sales and last but not least also
foreign investments. Manufacturers profit from practical clinical applications of
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medical devices based on intense scientific investigations, which are performed both
in-house and in collaboration with academic institutions. As a consequence, the
production of medical devices is subject to a “systems approach”, which includes
vertically organised processes from in-house production to extramural clinical
application. Cost considerations and performance assessments are key figures here.
For instance, concepts to abandon reuse of devices and supply instead single use
items have been advanced in order to achieve safety and guarantee performance
during the device’s shelf-life time. The use of reliable in vitro test systems to
guarantee high device quality prior to clinical application, the involvement of
devices into the delivery of services and their application in both ambulant and
clinical therapies under the supervision of a disease management represent further
steps in such vertically organised processes (Fig. 10.7).

The medical device industry further needs employees with an interdisciplinary
background. Medical devices, once developed, cannot be further developed and sold
like commodity products. Only employees with curiosity and knowledge in scien-
tific disciplines, such as natural sciences, engineering, finances and—not to forget—
ethics are a conditio-sine-qua-non for successful innovations and subsequent success
in healthcare. The huge number of 10,480 granted European patents in 2020 [34]
provides evidence that MedTech has become one of the most successful engineering
realms.

The performance of medical devices during therapeutical interventions and
diagnoses depends on heterogeneous clinical targets. In other words, a “one-fits-
all” device does not exist. For instance, an integrated performance of different
functionalities of medical devices will be necessary, given that the expected increas-
ing use of telehealth technology will come true (Fig. 10.8). Sensors for physiological
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Fig. 10.8 Scheme of therapeutical and analytical interventions in healthcare services supplemented
by some examples of related medical devices. Based on the expected increasing use of integrated
performance of medical devices, telehealth allows for new device opportunities in terms of a
systems approach

parameters, both invasive and noninvasive, combined with broadcasting- and
documentation-systems are models for such a systems approach in Medical
Technology.

It’s not surprising, that the required performances and needs for quality and
reproducibility of medical devices (MDs) has led to the availability of more than
400,000 different types of medical devices and in vitro diagnostics on the European
Market in 2017 [35]. A general scheme for the use of MD’s aims, targets and types of
devices is shown in Fig. 10.8. In addition, the need for sophisticated complex
medical devices expands, when medical knowledge increases and clinical interven-
tions are performed under conditions of evidence-based medicine. Taken together,
the medical device industry is exposed to big challenges, not to keep only their
shareholders satisfied. These challenges can be described by the following five
“P’s™:

e Product: A MD should be marketable in global markets.
* Potential: A MD should be able to be used synergistically with other MDs.
* Performance: A MD should perform well under all environmental conditions.

¢ Profit: A MD should allow for a considerable return-on investment (ROI).
e Perspectives: A MD should also allow for establishing a platform technology.



210 C. Vienken et al.

10.2.2 Innovative Products for the Reduction of Total Cost
of Care

An ideal example to prove the potential of innovative medical devices can be taken
from haemodialysis (HD), a therapy for the treatment of chronic kidney patients. It is
based on an extracorporeal blood circuit which allows for purifying blood from
uremic retention solutes. Patients suffering from end-stage kidney disease have to
undergo an HD-therapy three times a week for the rest of their lives, if no organ
transplant is available as an alternative. In 2019, a global number of 4,370,000
patients suffer from end-stage kidney disease (ESRD), 3,160,000 thereof are treated
by haemodialysis, 393,000 by peritoneal dialysis and 817,000 have received a
kidney graft [36]. Medical devices used for HD are usually composed of disposable
syringes, tubing, filters and sensors. With the help of dialysis machines (monitors),
the treatment is realised and continuously controlled. Treatment parameters are
automatically documented with the help of a software which is part of the dialysis
monitor and stored on a patient card. This enables nephrologists to compare treat-
ment performances between two dialyses of an individual patient or even between
different patients.

In order to guarantee safety and security against infections and cross contamina-
tions with viruses between neighbouring patients in a dialysis centre, single use
devices have been preferred compared to reused devices. Haemodialysis represents a
chronic therapy with a repeated thrice-weekly use of medical devices for many years.
Given that the global 3,1 million HD-patients are treated with single use devices, a
weekly supply of around 10 million sets (syringes, tubing, filters) is needed. Therefore,
the timely supply, reproducible performance and quality of these devices must always
be under control and the clinical success of treatments be followed.

Therapy providers or physicians, who run dialysis centres, are responsible for
disease management, which includes responsibilities for the individual therapy, for
devices and their actual performance as well as for the availability of a functioning
medical device item (Fig. 10.9a).

The average cost for haemodialysis treatments in the Western hemisphere adds up
to about >65,000 € per patient and year and are to be covered by health insurance
funds or healthcare budgets. However, many countries without health insurance
exist, such that kidney patients remain untreated. Initiatives are currently underway
to achieve cost reduction by establishing a close control of both medical device
performance and treatment efficiency (Fig. 10.9b).

With innovative medical devices in haemodialysis, therapy control and respon-
sibility can be delegated to and adopted (at least in part) by medical devices.
Noninvasive sensors (with focus on “noninvasive”) for blood temperature [37],
blood volume [38] and body composition (water, fat, muscle mass) [39, 40],
pulse-rate, pulse wave velocity [41], online clearance measurement of filters [42],
closed loop lung ventilation [43], glucose analyses [44] and others, are capable to
continuously assess and control physiological parameters of a patient. When applied
as a closed loop and linked to the dialysis monitor, treatment conditions can be
acutely modified and adapted depending on the patient’s performance.
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Fig. 10.9 Therapy providers or physicians, who run dialysis centres, are responsible for disease
management. It includes responsibilities for the individual therapy, for the correct use of sterile
medical devices and their actual performance, not to forget the availability of functioning therapy
systems (a). With innovative medical devices, therapy control and responsibility in haemodialysis
can be delegated to and adopted (at least in part) by medical devices (b). Cost savings are supposed
to be realised then

Data and figures obtained by these feedback controls are currently collected and
incorporated in global big data banks [45]. They allow for detailed analyses of
different patient cohorts, their clinical performance and QoL. As a result, therapies
can be adapted to an acutely changing patient condition and treatment modes
optimised. With the help of this device technology and the future combination
with tools of artificial intelligence a continuous monitoring of long-term patient
behaviour and treatment quality can be achieved, disease management technically
realised and last-but-not least cost of care reduced (Fig. 10.9b).

10.2.3 Adaptation to Different Requirements of International
Healthcare Systems by Innovative Processes

Four out of five MedTech companies have either changed their business model in the
past 3 years or are currently considering changing it. Reasons for this observation are
changes in macrotrends, such as



212 C. Vienken et al.

¢ Cuts in healthcare spending

* Decline of investments on prevention of disease
* Focus on patient-centric approaches

¢ Value vs. volume considerations

How to cope with these findings and still provide a profitable business for
Healthcare Provider Organisations (HPOs)? Budgets of healthcare systems may
suffer from wasted resources. Obviously professional managerial skills are needed
to improve the exploitation of financial resources. One solution might be to reduce
the number of involved stakeholders and keep responsibility and management of
resources for healthcare in one hand or in one company. This leads to the foundation
of vertically structured companies, who control the entire business-to-consumer
chain. The realm of haemodialysis offers such opportunities, when a company
provides goods and services for patients and is simultaneously able to run dialysis
clinics and centres. A considerable asset of such companies is based on applied
research on polymers and on instruments for dialytic therapies, the production of
medical devices and their adaptation to medical needs through the realisation of
clinical trials. By this means, clinically derived documents can be timely submitted
for approval processes and investigations on specificities of global markets can be
performed in-house. Manufacturing all necessary products for dialysis therapy in
one hand and running dialysis clinics for their application on the other hand will
allow for a worldwide recognised high quality of medical devices, as well as for
therapy standards. For instance, the highly efficient treatment mode of
hemodiafiltration, promoted by the globally active company Fresenius Medical
Care has shown to lead to an improved survival of dialysis patients and a better
perceived QoL [46].

With the increasing global number of dialysis patients, manufacturers tended to
increase their production capacity of medical disposables in order to profit from the
“economy of scale”. This allows them to offer medical goods cheaper and thus
becoming more competitive. This actual “volume-driven” model, however, is under
pressure, when Healthcare Provider Organisations (HPOs) modify their mission
statement and focus more on value-based businesses. They undergo a metamorpho-
sis and change from a classical device producer to a therapy provider whilst keeping
all necessary activities in one hand. Disease management has become the magic
word, which has now opened new ways for HPOs.

Innovative managerial processes dedicated to vertical integration have turned out
to be one reason for this new way to success. A close link to international global
customers and thorough analyses of markets and needs has further led to a better
understanding of different healthcare cultures. Through combining sectors of oppor-
tunities for cost reduction, such as in sales, by bundle and care contracts, as well as
services with focus on disease management, customer and market needs could be
recognized and an optimal use of financial resources obtained (Fig. 10.10). “Medical
device innovation— is better good enough?”’ asks the New England Journal of
Medicine in its editorial in 2011 [47] and proposes a model-based approach for the
improvement of medical device technology and its evaluation by well documented
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Fig. 10.10 A healthcare system is based on value related to two segments, products and care
delivery. The concept of vertically integrated companies in MedTech bases on combining these
segments in order to cope with both the needs of customers (patients) in international markets and
payers under a single-handed control. The sequential steps until its final stage are shown here with
the final result in the right-hand column. This model covers aspects from “device sales”, bundle
contracts for the delivery of all necessary medical devices, care contracts with hospitals, care
services to “disease management”. It allows for a better exploitation of financial resources and a
higher return-on-investment (ROI) for the respected company

clinical applications. Vertically integrated companies may be the optimal model to
cope best with the challenges in the medical device field.

Conclusion

Demographic changes, limited healthcare budgets and performance-based attitudes
for medical therapies have led to Pay-for-performance programs in healthcare. Here,
consumer (patient), provider (physicians and nursing staff) and payer (patient and
health insurance funds) are all involved. To reach targets based on measurable
quality indicators, incentives are provided for the efficient use of medical resources
and medical devices. The establishment of such key factors needs a consensus
among the involved stakeholders to be successful. This consensus can only be
reached if the interests of these groups are balanced, beard in mind and special
attention is paid to a complex process. Artificial intelligence-based analyses of large
patient data bases may be of help in improving this situation. Medical devices
underwent a metamorphosis from a simple instrument to a complex tool allowing
for sophisticated performances and the active, online interaction with treatment
modalities. Innovative devices allow for covering preventively responsibilities in
medical care and impact disease management. Vertically structured companies can
serve as a model for successful corporates in medical device technology.
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Take Home Message
— Demographic changes, limited healthcare budgets and performance-based
attitudes for medical therapies have led to Pay-for-performance programs in
healthcare.

— Pay-for-performance programs in healthcare are able to increase perceived
Quality of Life (QoL) in patients but are not successful in reaching the
desired endpoint of a lower mortality.

— Attificial intelligence-based analyses of large patient data may be of help in
improving this situation.

— Medical devices underwent a metamorphosis from a simple instrument to a
complex tool allowing for the active and online interaction with treatment
modalities to achieve patient-specific improvements of care.

— The performance of medical devices has reached a higher level of perfec-
tion through a “systems approach” which bears in mind a synergistic action
of all involved devices and actors.

— Innovative devices allow for covering preventive responsibilities in
medical care.

— Vertically structured companies are the model for successful corporates in
healthcare.
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Chapter 11 ®)
The Role of Medical Devices in Healthcare <o
Sustainability

Carlo Boccato, Sergio Cerutti, and Joerg Vienken

Abstract The sustainability is an important issue for the human activities and the
healthcare system cannot escape this rule. The extensive use of medical devices has
an impact in worsening the issue (e.g. due to the large number of disposable items),
but also helps to solve the problem if the overall picture is kept in mind.

When discussing about healthcare sustainability, the decision-makers should
consider, besides the environmental impact, the social and financial consequences.
All those aspects are strongly influenced by the aging of the population and the need
to extend the adequate treatment to the whole world community.

After a first definition of what is intended as sustainability in healthcare and an
analysis of the main relevant issues, this chapter considers the contribution of
medical devices and related technologies to this important topic.

Introduction

The sustainability of our way of life is facing many challenges, involving ecological,
financial and social aspects. The healthcare (HC) system is similarly confronted with
these challenges, substantially due to the increasing complexity of the medical
treatments, the aging of the population and the economic inequality.

Inequality among people is a very important issue. The availability of a good
level of healthcare for all the individuals and communities, without limitations due to
social and economic conditions or to country and continent of residence, is matter of
social justice.
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The topic of healthcare sustainability has many correlations with the availability
and use of medical devices. They have a strong potential in providing a good and
sustainable level of care to individuals and populations, but the impact of their
manufacturing and operation on the use of resources and on the environmental
pollution should be systematically managed.

In the following pages it will be outlined what it is intended as sustainable
healthcare (HC) and what are the challenges that the HC system worldwide is facing
now. Then, the contribution of medical devices will be analysed.

11.1 The Healthcare System Sustainability and Its Enemies

The Brundtland Report [1] defines as sustainable any activity that “meets the needs
of the present without compromising the ability of future generations to meet their
own needs.” [1].

This definition is applicable also to the healthcare systems and embraces several
aspects. These aspects should focus not only on the environmental protection and the
economic development but also on the very organization of the society. Besides the
attention to future generations, the definition of sustainability must include the issue
of “social sustainability”, intended as the need to ensure the adequate quality of life
to people with lower wealth conditions or being located in low resources areas of the
world. A discriminatory society cannot be sustainable.

The complexity of our society and the presence of many actors and stakeholders
requires to afford all the emerging problems with a systemic view. This is especially
true for the HC system sustainability [2, 3]. The key issues undermining the HC
system sustainability can be classified into sociopolitical, financial and environmen-
tal factors, as summarized in Fig 11.1.

Sociopolitical Issues The inequality of income, and the consequent access to
HC services, creates important disparity among people in different geographic
areas or belonging to different social classes in the same (even wealthy) country
(see Chap. 12). As of year 2017, less than half of the global population is taken care
by essential health services [4]. This inequality, besides being morally unacceptable,
may undermine the path of the international community to a sustainable develop-
ment. Ensuring healthy lives and promoting well-being at all ages has been included
in the Goal 3 of the UN for a sustainable development [5-7].

Demographic changes, such as the aging of population are other social aspects
that strongly influence the sustainability of the system. Besides the cost of the
chronic therapies, it also creates a high need for assistance, frequently involving
relatives (often not young themselves) as lay caregivers. This gives an additional
burden on social organization and economy, e.g. in terms of missed work
opportunity.
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Fig. 11.1 Factors undermining the healthcare system sustainability

An additional issue is the need to rapidly and efficiently react to unforeseen
events (or so-called black swans)' like pandemic or natural calamities. The recent
and not yet resolved crisis generated by Corona viruses has shown that the actual
pandemic, in addition to the human and economic injuries, has also created disrup-
tions in the HC systems. This, potentially reversing decades of improvement, has
also interrupted the campaigns for immunization against other communicable dis-
eases [4]. This made clear the need to revisit the HC policies toward the improve-
ment of system resilience and larger availability of care services.

Economic and Financial Issues As mentioned above, now people live longer, but
with an increasing burden of chronic or non-communicable diseases (NCD), usually
requiring long-term and often complex and expensive therapies. NCD include
Parkinson and Alzheimer disease, diabetes, chronic kidneys disease, strokes, osteo-
porosis and others.

Living longer, but with the burden of (heavy) disability is one of the main factors
undermining he financial sustainability of the HC systems. The decision- and
policymakers are struggling with these aspects [9].

"Nassim Nicholas Taleb in his book of 2007 [8], introduced the concept of black swan referring to
the extreme impact of rare and unpredictable events and the human tendency to find a retrospective
simplistic explanation for these events.
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Fig. 11.2 Disease burden vs healthcare expenditure in selected countries. (Adapted from [11])

The DALY? parameter can give a synthetic estimation of the overall health
quality. The curve in Fig. 11.2 shows the fact that even in front of a healthcare
expenditure growth, at least in most wealthy countries, the DALY level does not
show a consequent improvement.

The curve in Fig. 11.2 highlights two different topics.

While there still is a considerable space for improvement in many low-income
countries, generally characterized by low-resources settings, the most affluent coun-
tries are facing a reduction in marginal return on the investment in HC expenditure.
This requires a change in HC paradigm favouring a better attention to the delivery of
services with real value for the patients (see also Chap. 1).

In addition, this “saturation effect” shows that, having thankfully found therapies
for many diseases, we have now to focus on “more difficult” disorders requiring
heavier effort in terms of research and more expensive therapies. This is a strong call
for policy makers to support research and development of new therapy options
(e.g. personalized and precision medicine) aiming at the reduction of diseases
burden.

Environmental Issues The production and use of medical devices generate an
increasing demand for energy and natural resources (e.g. highly purified water for

?Disability Adjusted Life Years—This parameter synthesizes the disease burden on a population
due to the years lost for premature mortality and the lower quality of life due to illness or disability
(see e.g. [10]). It is computed as: DALY = YLL + YLD. (YLL= years of life lost, YLD = years
with disability).
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haemodialysis treatment, medical-grade polymers and blends thereof, see also
Chap. 2). In addition, the production and disposal of single-use items stress the
issue related to the management of possibly contaminated and infectious medical
wastes.

The consequences of the environmental impact derived from the extensive
application of medical devices of different complexity is becoming more and more
relevant due to:

* The extensive use of large number of resources-demanding pieces of equipment
(e.g. requiring an important amount of energy or water)

* The application of medical-devices-based therapy to a large and increasing part of
the population, often affected by chronic diseases requiring long-term and possi-
bly complex treatments

* The extensive use of single-use (disposable) items. This while is decreasing the
risks due to cross infection/contamination require high level of resources con-
sumption for their production, and contribute to the creation of potentially
contaminated wastes.

Every year an estimated 16 billion injections are administered worldwide, but not
all of the needles and syringes are properly disposed of afterwards. Open burning
and incineration of healthcare wastes can, under some circumstances, result in the
emission of toxic compounds, such as chlorine, dioxins, furans, and most recently
particulate matter (e.g. PM 2.5 and PM10).

As a first conclusion, the factors affecting the HC sustainability span from the use
of financial resources to the environmental pollutions to some more “socio-political”
issues like access to care and decision on investments versus clinical outcome
evaluation (see also Chap. 9). All these aspects influence the citizens’ expectations
and are matter of political as well as technical choices [12].

11.2 Health Care Systems Sustainability and the Impact
of Medical Devices

The possible contribution that the application of medical devices can give to
sustainability is summarized in Fig. 11.3.

A current model [13] underlines the elements to keep a healthcare system
sustainable. Among others, it is useful to consider this index and its vital signs to
be evaluated:

* Access: Extent to which medicines, treatments, diagnostics or other technology
can be accessed by those who need them

* Health status: Actual health status and outcomes

* Innovation: Developing new and transformative medicines, treatments and
technology
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e Quality: Frontline delivery of healthcare
* Resilience: Ability of a healthcare system to continue to meet the populations'
needs in the future

According to Fig. 11.3, it is possible to identify the main influences of the medical
devices to the sustainability of the HC systems.

A first level of contribution is achieved with the environmental-aware design and
operation of medical devices during their full lifecycle. This means to consider the
environmental impacts of a medical device from its conceptual definition, to the
production, to the use and finally to the disposal or decommissioning. The ultimate
goal is, without sacrificing the safety and performance, to achieve the most effective
use of resources and the lowest production of waste.

A more active contribution of the medical devices is in the achievement of a more
effective and efficient medical treatments as well as the support that the related
technology can give to the extension of care to a larger part of the population,
e.g. through self-monitoring devices or telemedicine techniques (see dashed area in
Fig. 11.3).
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11.2.1 Pollution Control and Resources Saving

In recent years, increasing attention has been paid to the reduction of the resources
consumption and waste production in the medical sector, spanning from the careful
design of the production process, including the disposal of toxic solvents, to the
correct disposal of the expended items. In addition, a careful design of environmen-
tally friendly healthcare buildings is more and more realized.

For instance, the haemodialysis treatment for kidney patients can be considered as
a paradigm for the above aspects. The haemodialysis is a long-term chronic treat-
ment (see details in Chap. 6) involving:

* The use of a complex medical equipment (e.g. the dialysis monitor)

* Dialysis fluids and concentrates requiring about 400 L of purified water per
treatment. Special (single use) disposable items (like blood lines, dialysis filters,
needles, etc.)

e Waste of the spent dialysis fluid during the treatment and disinfecting agents for
the cleaning/disinfection of the dialysis monitor

* Energy requirement for the dialysis monitor up to 3.5 kWh per treatment [14].

In addition, a total of 694 kg of waste per patient per year is produced. Most of
this waste is potentially infective [13].

Furthermore, due to the high number of disposable items used in haemodialysis,
the consumption of energy and the CO, production for the delivery of the needed
material at the dialysis center should not be neglected.

Many international organizations and private companies dealing with dialysis
treatment have initiated, since many years, several initiatives to reduce and control
the environmental impact of the haemodialysis related devices.

Among the most relevant recommendations it is possible to list the following:

» Rationalize the use and reuse of the RO discarded water and of the spent dialysis
fluid [14-17]

* Optimize electric energy consumption

¢ Rationalize the waste management

» Reduce the negative externalities, e.g. producing the dialysis concentrate inhouse
from highly concentrated media and avoid the transportation of bulky container
of dialysis concentrate composed by high percentage of water.

The achievement of a better level of sustainability needs also to consider the
overall MD lifecycle.

Attention to sustainability issues should start right from the device’s conception
and design.
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As an example, the IEC 60601-1-97 is a collateral standard to the IEC 60601-1
concerning the safety and basic performance of medical electrical equipment.

It aims at improving the environmental impact of an electrical MD through all
stages of the device’s lifecycle, from the very conception to the end of life. To claim
compliance with this standard the manufacturer should consider and document the
actions taken to minimize the environmental impact over the full lifecycle of the
device.

It is related to other standards, like

* ISO 14971(Medical devices—Application of risk management to medical
devices) [18], since the environmental impact must be considered among the
element of the risk management process. Among others, it considers the risks
connected with possible chemical or biological hazard and emission of toxic
substances.

» ISO 14001 (Environmental management systems—Requirements with guidance
for use) [19] addresses the implementation of processes for the management of
the environmental impacts over the full product’s lifecycle.

In addition, the manufacturer should also demonstrate that the expected medical
benefits justify the possibly unfavourable environmental impacts generated by the
equipment. This evaluation may be influenced by the intended use of a device. The
impact accepted for a life-saving equipment may not be tolerated for a device
intended for easier conditions or for aesthetic applications.

An additional action to reduce the environmental impact of the medical equip-
ment is relevant to the HPO design. The accommodation and effective operation of
complex medical equipment requires also the correct adaptation of the HPO facility
where the equipment is installed and operated.

It is important that the facility allows the safe disposal of the exhausted and
possibly contaminated parts and fluids, e.g. used personal protective equipment,
dialysis filters, drain fluids (see also Chap. 6).

11.2.2 Active Contribution of Medical Devices
to Sustainability

Making reference to Fig. 11.3, it is possible to see that the medical devices can have
an important “active role” in the achievement of the HC system sustainability

This active contribution is highlighted in dashed area of Fig. 11.3.

The costs issue is surely the most evident and discussed aspect when talking
about healthcare sustainability.

*Medical electrical equipment—Part 1-9: General requirements for basic safety and essential
performance—Collateral Standard: Requirements for environmentally conscious design.
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As shown in Fig. 11.2, the costs for healthcare are continuously rising even if the
overall disease burden (DALY) is not linearly improving with the invested
resources.

The way to cope with these issues is to implement a paradigm change [3],
based on:

+ Patient’s empowerment. Especially when dealing with a chronic treatment, it
can reduce the involvement of professional caregivers and the need for the patient
to go to hospital for ambulatorial checks. In this case the availability of medical
devices engineered for simple, safe and reliable operation by lay users is a key
point.

* Data collection and sharing. The sharing among medical staff, possibly located
in distant locations, allows for a cooperative diagnosis or for an agreement on the
therapy in case of difficult clinical situations. This supports a higher quality of
medical care also in remote locations or to small hospital with less resources.

The possibility of remote medical consultation is of special importance in case of
natural catastrophes but can also help in building a monitoring and safety network to
control a pandemic spread.

The patient’s empowerment is considered [20] among the main pillars to ensure
the sustainability of the healthcare system. The empowerment of the patients and of
the lay caregivers may in fact reduce the cost, but can also improve the quality of the
care and the quality of life (QoL) of the patient. The availability of devices that
enables the patients to measure the required parameters him/herself can save
resources, due to the less need for qualified personnel to take care of “easy” tasks.

This also allows the monitoring of the important parameters at the right time, that
may not always be possible with the traditional ambulatory consultation (see case
story in Chap. 5).

A basic requirement is that these parameters are reliably collected, stored and
made available to the professional caregiver in due time.

Sustainability means also “healthy ageing”. Due to the increasing percentage of
elder population and the consequent prevalence of chronic diseases, the HC system,
to be sustainable, needs to address the way to promote the healthy and autonomous
ageing. This means to ensure a better and self-sufficient life in the last part of the
existence, but also preventive actions and considerable saving in avoiding acute
costly treatments when avoidable [21]. The remote consultation supported by easy
operable MDs is a way to grant elder patients with the personalized monitoring and
grant the most degree of autonomy.

Conclusion
The pervasive application of medical devices in the modern healthcare has many
implications on the sustainability of the HC system.

The most evident one is the need for a sensible design and operation of these
devices to ensure that resources, like electric energy and water, are effectively used.
Considering the large number of disposable items, it is also important that these are
adequately disposed. The reuse of these items can in principle be also considered,
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but in this case, the reuse process must ensure the safety and efficacy of the
reconditioned items. It should also be considered that the reconditioning process is
also consuming resources and produce pollution (e.g. spent disinfecting agents). For
this reason, a trade-off between disposal and reconditioning should be carefully
considered (see also Chap. 6).

Attention should also be paid to the design of the physical environment where the
MD is used: the careful design of these areas and locations can contribute to reduce
the environmental impact.

The medical devices give an important contribution to the reinforcement of a new
paradigm based on the patient’s empowerment. The medical equipment can
e.g. provide the information about the required physiological parameters in short
time directly to the caregivers. In addition to the important cost savings, this last
aspect can also contribute to grant a high level of medical therapy to a larger
population without restrictions related to geographical location or wealth status.

The patient’s empowerment and the easy communication of vital parameters as
well as the possibility to obtain quick instrumental data (e.g. from an MRI equip-
ment) evaluated by well-trained experts, possibly remotely located, are important
supports for answering to unexpected and critical events as well.

Take Home Message

— The sustainability of the healthcare system is confronted by many chal-
lenges, involving environmental, financial and socio-political aspects.

— Medical devices can give a considerable support in improving the HC
sustainability, both in terms of better use of resources and supporting a
more effective healthcare model.

— The careful use of natural resources and the pollution reduction requires to
pay attention to the overall device’s lifecycle, from the conception and
design to the operation and final disposal.

— Patient’s empowerment, prevention of illness, capability for early diagnosis
as well as better preparedness to unexpected events are among the most
important active contributions that MD can provide to the HC system
sustainability.
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Chapter 12 ®)
Medical Devices Creck o
in Low- and Middle-Income Countries

Steffen FleBa

Abstract The demand for medical devices is constantly growing all over the world.
However, most managers of healthcare technology and medical devices tend to
neglect the growing markets of middle- and low-income countries. A thorough
analysis of the growing and aging population in these countries, the income distri-
bution and the improving social protection demonstrates that there is a demand for
simple and cheap as well as for sophisticated devices with a huge market in these
countries. Enterprises producing medical devices should focus on the needs and
preferences of people in low- and lower-middle-income countries. They need to get
acquainted to the specifics of cultures and markets and start cooperation and joint
ventures soon—otherwise they will lose these markets.

Introduction

Most politicians, scientists and chief executive officers would agree that innovative
medical devices are invented, produced and sold primarily in the richer countries of
this world. The poor—this is the assumption—cannot afford expensive equipment,
implants, etc. and, thus, do not constitute a market for “our” products. The reality,
however, is different. About half of humans lives in low- and middle-income
countries. Even if only 5% of them have the means to buy modern healthcare
services, this is a tremendous market of 185 million potential customers [1]." At
the same time, there is a strong effort to implement (social) health insurances in most
of these countries frequently covering medical services based on sophisticated
medical devices. And the majority of these countries demonstrate economic growth
rates that are admirable. Within a few years Southern America, Asia and even
Sub-Saharan Africa might be the most important markets for medical devices.

"Statistics of this chapter are—if not mentioned differently—based on the most recent World
Development Indicators published by the World Bank.
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In this chapter we will analyze the potential of markets for medical devices in
low- and middle-income countries. In the first subsection, we will examine the world
health situation. In the second subsection, we will focus on healthcare for the poor of
today and discuss what kind of equipment is needed for them. The last subsection
will concentrate on the emerging economies of today and in future as well as their
potential for becoming key-customers of medical devices.

12.1 Many Worlds of Health

The first simple—but fundamental—statement is that we live in many worlds of
health [2]. This statement is true for differences in healthcare and health between
countries, but also between regions and social groups of different countries. In the
so-called developed world, the majority of people benefit from social insurances
based on some kind of solidarity, but universal health coverage is still unaffordable
for many countries. Thus, the rich of these countries live in another world of health
than the poor. At the same time, we do not have a universal solidarity system so that
different countries experience completely different healthcare situations. These
discrepancies have a tremendous effect on the demand for medical devices and
call for a thorough analysis of healthcare systems and health in different regions. In
this section, we will distinguish countries by their economic potential and demon-
strate the consequences on the health status of their population.

12.1.1 Classification

There is a Babylonian confusion resulting in a wrong perception of the reality of the
majority of the world population [3]. We talk about “developing countries”, “under-
development”, “third world”, “low, middle, high income countries”, “indebted
countries”, “developed world”, “industrialized world”, etc. The terms “developing
countries”, “underdevelopment”, “developed world” and “third world” are obsolete
and will not be used in this chapter. However, the other terms still have some

relevance and can be distinguished [4]:

* Growth and development: Economic growth refers to the increase of national
product resulting in wealth and income of people. Development implies an
increase of complexity of a society based on division of labour, increased trade,
communication and productivity. Development is a long-term prerequisite of
economic growths, but growth can also be achieved in the short-run by exploiting
national resources and neglecting social investments.

* Dynamic and static development: Most development concepts focus on certain
statistic, such as national product per capita, mortality rate or diversification of
production. If a value of a statistic (or an index number) is above or below a
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Fig. 12.1 Country income groups [7]

certain level, a country is called “developing country”. Dynamic concepts analyze
the change of the potentials of a society, e.g. increase of productivity or human
workforce. It may happen those so-called developing countries do not develop at
all— in a dynamic sense—while so-called developed countries strongly develop.

In this chapter, we will distinguish countries based on the official World Bank

classification of low, lower-middle, upper-middle and high-income countries, a
discrimination purely based on the gross national income per capita.” The four
categories for the fiscal year 2019 are [5]:

Low-income countries: 995 USS$ or less, e.g. Afghanistan, Gambia, Haiti, Nepal.
Lower-middle-income countries: 996-3895 US$, e.g. Angola, Bangladesh,
Tunisia.
Upper-middle-income countries: 3896-12,055 USS$, e.g. Mexico, Iran, Algeria.
High-income countries: 12,056 US$ and above, e.g. USA, Germany, Cayman
Islands.

Figure 12.1 shows a world map with the World Bank classification of the year

2016. The methodology adjusts for inflation so that changes between the groups
demonstrate real effects of economic development. However, for all categories the
real economic strength has been continuously increasing during the last decades.
Figure 12.2 shows that even the poorest countries have increased their income per
capita, and many countries which are upper-middle-income countries today have
been low-income countries before (e.g. Malaysia, Thailand), while several countries
have made their way from low to lower-middle-income countries, such as Zambia,
Vietnam, Kenya, Laos and Cambodia [6].

2World Bank Atlas Method.
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Fig. 12.3 World population by income (1993-2018). (Source: own, based on data of [6])

Figure 12.3 exhibits the world population by country classification [6]. It
becomes obvious that the percentage living in high-income countries is rather
small (some 18%) and remains rather unchanged. Some 50% of the world
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populations lives in low- or lower-middle-income countries—countries which were
called “developing countries” in former times. However, this share was up to 80%
some 15 years ago. While the population of these poor nations is still growing at a
rate that is double as high as in the upper-middle- and high-income countries, many
of these poorer countries have made their way into the upper-middle-income group.
In 2018, only some 9.7% of the world population lived in very poor countries, in the
early 1990, this statistic was still some 60%.

However, poverty is a fact for entire countries and for certain subpopulations.
This is a human tragedy and also a challenge to all efforts to export medical devices
to these countries, regions and populations. Therefore, it is worthwhile to discuss the
health situation in these countries.

12.1.2 Characteristics of Health and Healthcare
in Low- and Middle-Income Countries

It is obvious that the national income will result in the availability of financial and
non-financial healthcare resources. As Table 12.1 shows, the healthcare expenditure
of poor countries is only a fraction of the respective health expenditure of rich
countries. The figure is adjusted for purchasing power parity so that different values
can be compared. The lowest expenditure per capita per year is shown for the Central
African Republic (29.91 Int$), while the highest expenditure is in the USA (9869.74
Int$), i.e. 330 times higher. The poorest countries spend a higher percentage of their
national income on healthcare than the lower-middle-income countries, but a higher
percentage comes as donations from abroad. Generally, the higher the income class,
the higher is also the share of the domestic production dedicated to healthcare.

Financial resources strongly correlate with personnel resources.” While Monaco
has 52.63 inhabitants per nurse or midwife, the Chad has 3236.25 (factor 61.49). On
average, 1217 people have to share one nurse/midwife in low-income countries,
567.96 in lower-middle-income countries, 298.89 in upper-middle-income countries
and 115.16 in higher-income countries. For physicians, the figures are even more
extreme: in Chad 22,727.27 inhabitants have to share one physician, while in Cuba
135.76 inhabitants are counted per physician (factor 167.41). Again, the number of
inhabitants per physician is highly correlated with the income class with 3214.40,
1423.08, 521.73 and 332.45 inhabitants per physician. Unfortunately, no interna-
tional statistics for medical devices is available, but it is obvious that buildings,
equipment and vehicles of healthcare facilities are highly correlated with the
healthcare expenditure in these countries.

Table 12.2 shows some health outcomes for country classes. It is obvious that
low-income classes are still in the early stages of the epidemiological transition and

3The availiability of these statistics in international data bases is limited, i.e. figures must be taken
with caution.
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Table 12.1 Healthcare resources (most recently available figures) (p.c. per capita) [1]

Hospital
Nurses and Physicians | beds (per Current health | Current health
midwives (per | (per 1000 1000 expenditure (% | expenditure

Class 1000 people) people) people) of GDP) p-c. (current Int $)
Low 0.8219 0.3111 - 5.60% 97.09

income

Lower- | 1.7607 0.7027 0.9860 3.94% 265.80

middle

income

Upper- | 3.3457 1.9167 3.6035 5.81% 959.44

middle

income

High 8.6837 3.0080 4.0705 12.53% 5453.29

income
Table 12.2 Healthcare resources (2016) [1]

Cause of death Mortality rate p. 1000
Group | Group Life

Class I mn° Injuries | expectancy Infant | Neonatal | <5
Low income 50.14% |37.85% |12.0% |62.94 50 27 71.6
Lower-middle 29.81% | 60.78% 9.41% |67.88 38.1 |24.6 50.4
income

Upper-middle 7.36% |84.38% 8.31% |75.30 122 |74 144
income

High income 6.98% |87.45% 5.59% | 80.49 4.7 3.1 5.6

“Communicable diseases, maternal, prenatal and nutrition conditions
®Non-communicable diseases

group I diseases and conditions (i.e. infectious diseases, maternal, prenatal and
nutrition conditions) dominate. However, even in these countries the disease pano-
rama is complex with a rather high prevalence of chronic-degenerative diseases and
in particular accidents. Furthermore, the majority of the world population mainly
suffers from chronic-degenerative diseases irrespective of their place of living. The
table also demonstrates that mortality rates for new-born, infants and under-five
strongly depend on the income class. For instance, under-five mortality rate is 12.78
times higher in low-income countries in comparison to high-income countries.
Consequently, life expectancy strongly differs on average by almost 17.5 years.

In many aspects, Sub-Saharan Africa is still the region with the worst health
outcomes. As Fig. 12.4 shows, the burden of disease (measured as annual loss of
disability adjusted life years per 1000 inhabitants is highest in Africa followed by the
Eastern Mediterranean and South-East Asian region. Sub-Saharan Africa has the
lowest healthcare resources, the lowest ratio of professionals per inhabitant and the
poorest health outcomes. The absolute risk of suffering from a chronic-degenerative
disease in this region is higher than for high income countries although these
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Fig. 12.4 Burden of disease. (Source: own, based on data of [8])

countries are dominated by infectious diseases, i.e. there is a double burden of
disease.

Generally, there is a positive correlation between national income and health
outcomes, i.e. an increase of 1000 US$ p.c. improves the life expectancy by
0.3 years (comp. Fig. 12.5). For low and middle-income countries, the same increase
of income leads to an increase of 3.4 years while for upper-middle- and high-income
countries the value is 0.2 years. It is generally accepted that economic growth
produces the resources for better health, while better health provides the potential
for economic growth and in particular overcoming the poverty-traps [9].

Another characteristic of a low-income country is the unequal distribution of
wealth and income which can be demonstrated with a Lorenz chart. As shown in
Fig. 12.7, a Lorenz curve is a graphical representation of the distribution of a variable
in a population. The curve shows the proportion of this variable. If every person has
the same share, the Lorenz curve is the bisector. If the variable is unequally
distributed, the Lorenz curve is below the bisector. The double of the area between
the bisector and the Lorenz curve is called “Gini Coefficient” as a measure of
unequal distribution of that variable.

Low- and lower-middle-income countries usually have higher inequity scores
(comp. Fig. 12.6), i.e. the majority of people has very limited resources while few
can enjoy tremendous wealth. In many of the poorest countries, the richest 10% have
more than 25% of the income, and the number of millionaires in low und lower-
middle-income countries is steadily increasing [10]. Figure 12.7 demonstrates this
for Cambodia. While 60% of the population have only 30% of the income, the last
10% have 25%. The first 60% are almost equally poor, while the last decile enjoys
luxuries on an international level, even in healthcare. The consequence of limited
and unequally distributed resources is “many worlds of health” not only on an
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international scale, but also within one country. The poor and vulnerable in low and
lower-middle-income countries are not universally covered even by basic healthcare
services, while the rich in these countries have access to international services and
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Fig. 12.7 Lorenz chart for Cambodia. (Source: own, based on data of [12])

enjoy state-of-the-art care in their own countries. Consequently, an analysis of the
market chances of medical devices has to distinguish between these two groups.

12.2 Applied Technology

The term “Applied Technology” is used for techniques and methods which are not
based on international standards but adjusted for a specific situation [9]. Usually,
Applied Technologies are simpler, cheaper and smaller than standard technologies
and respect perceptions and preferences of the local population. For instance,
infusion solutions are usually produced industrially by distillation with high energy
consumption and transport costs. Applied Technology produces infusion solutions
by reverse osmosis (to produce purified water) locally in hospital laboratories. Other
examples are solar sterilization, ramps instead of elevators, basic radiographic
systems or locally produced external fixators.

Most Europeans assume that their technology is superior and call for its applica-
tion in low- and middle-income countries. However, this can induce two problems.
Firstly, these technologies are not affordable for the poor and vulnerable of these
countries. Secondly, sophisticated technology might not be appropriate for the
technical capacity of the local setting. For instance, if no maintenance can be
guaranteed, no MRI should be installed irrespective whether it is paid for by
donations or not. Local personnel must be able to operate and maintain medical
devices or they should not be employed. In addition, sophisticated equipment might
do more harm than good. For instance, many rural hospitals in these countries lack
trained radiographic personnel. Consequently, one-switch radiographic systems
must be used in order to avoid harm of patients caused by wrong radiation doses.
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Consequently, we have the following situation for decision-making:

1. If financing of the entire product life cycle can be guaranteed (i.e. not only
acquisition, but also costs of maintenance, spare parts, disposal etc.), adequate
training of operating personnel and technical maintenance (local engineers and
craftsmen), the acquisition of sophisticated technology seems appropriate. In the
reality of low- and lower-middle-income countries, purchasing, transport and
installation of high-end equipment is financed by international donations while
it is expected that the costs of maintenance and spare parts are shouldered locally.
The consequence is frequently poor maintenance and early loss of functionality.

2. Applied technology should be employed if the technology is affordable with local
resources, maintenance can by guaranteed with local personnel and operating the
device is simple.

3. In all other cases, the technology must not be used. The consequence can be that
certain diagnostics and therapies are not available.

Dialysis services in Tanzania are an example for a service where applied tech-
nology is not available and sophisticated technology should not be employed
[13]. The number of studies focussing on the economic feasibility of haemodialysis
in low and lower-middle-income countries is limited [14, 15]. We analyzed the cost
of haemodialysis at Muhimbili National Hospital in Dar es Salaam for the year 2014.
The unit had 10 dialysis beds operating three shifts per day and 6 days a week. The
actual cost per haemodialysis was 176 US$—a tremendously high amount in
comparison to the local resources. The reasons are amazing. Firstly, materials have
to be imported and are more expensive than, for instance, in Germany. Even duties
have to be paid for importing these consumables. Secondly, professional staff is
extremely scarce in Tanzania resulting in high personnel costs. Nurses and doctors in
this department had costs which where up to five times the respective figures from
“normal” Tanzanian hospitals. Thirdly, the utilization rate of the unit was rather low
so that the cost per haemodialysis was high.

What is the consequence of such a situation? Firstly, we can state that dialysis
services amounted to 18,304 US$ p.a. per patient while the health expenditure of this
country was only 35.50 USS$ p.a. p.c. It is possible to reduce the cost by increasing
utilization rate, waiving of tariffs and improved management. But the costs remain
tremendously high for a nation like Tanzania. Thousands of Tanzanians die every
year due to poor or unavailable healthcare services with diseases which can be cured
easily and without major investments. Here we are facing the awful question of
healthcare in low resource country which Victor Fuchs asked already in his famous
book of 1998 “Who shall live?” [16]. There is no way to make haemodialysis
available for all patients with chronic kidney failure of Tanzania. If patients with
this disease require haemodialysis and cannot access the service, they will die. And
as it looks for today, there is no simple and cheap alternative.

The message for the global medical device industry is clear: there is a great
demand for applied technology for billions of people in low and lower-middle-
income countries. India has become a market leader in this field. The profit per
device is small, but the market is huge. The industrialized world has the technology
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to produce simple and cheap alternatives to the sophisticated products. This market
is grossly neglected until now.

However, even in a least developed country like Tanzania there is a market for
high-end medical devices. As stated before, a small percentage of the population is
rich even when considering European standards. The World Wealth Report esti-
mates that some 167,970 High-net-worth individual (HNWI, i.e. individuals holding
financial assets with a value greater than US$ one million) lived in Africa in 2017
holding a wealth of 1.7 trillion US$. The number of HNWI in Africa increased by
6.9% in this year [17]. For the Asia-Pacific region the respective numbers were 6.2
million HNWI with a wealth of 21.6 trillion US$ and a growth rate of 12.1%.

A “market of millionaires” needs high-end medical devices in Africa and Asia.
They are able and willing to pay for reliable medical services including diagnostic
equipment and implants. But even the middle-class of these nations increasingly has
resources to pay for better healthcare services. For instance, the Social Health
Insurance system of Vietnam covers rather cheap hip prostheses from Asian pro-
ducers, while European products have to be paid out-of-pocket. As we were
informed by the biggest orthopaedic centre in Vietnam, the number of patients
requesting these European products is steadily increasing. If we assume that only
10% of Asians and 5% Africans have the means to pay for medical devices from
Europe, this is a market of 505 million of USS$.

12.3 Emerging Markets: Markets of the Future

In addition, the world markets are constantly changing. Three important develop-
ments have to be incorporated in an analysis.

12.3.1 Economic Growth: The New Tigers

Many low and middle-income countries show an economic growth that makes them
candidates to become middle-income countries within one generation. As the pop-
ulation of these countries is huge, these countries are the markets of the future for
many products, definitely not only for low-end goods. The term “emerging” markets
is defined differently by analysts and authors, but all concepts conclude that these
economies will become developed markets and active participants in the world
economy within the next 20 years [18].

Figure 12.8 shows that the majority of emerging markets are in Asia. China,
India, Indonesia, Thailand, and Malaysia alone have a population of 3.021 billion
and their economies grow at rates between 5.07 (Indonesia) and 7.17% (India, 2017).
Consequently, their demand for healthcare services will also grow inducing an over-
exponential growth of demand for medical devices. At the same time, these countries
have become producers of medical devices and competitors to their European and
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Fig. 12.8 Emerging markets 2013 [19]

American counterparts. Until recently, products from China and India were of low
quality and cheap, but more and more they offer high-quality products. At the same
time, both countries have well-established personal relationships to South-East
Asian countries so that European products face fierce competition. Consequently,
excellent quality, customer-orientation, reliable services and needs-oriented market-
ing of European medical devices become more and more important. Some years ago,
European products were too expensive for the majority of customers from these
countries, but the rich had no alternatives if they wanted to have reliable products. In
future, more people in these counties will afford these products, but they will also
carefully choose the provider.

12.3.2 Social Insurance

Until recently, the majority of people living in low and lower-middle-income
countries had no health insurance coverage, i.e. health expenditures were paid
out-of-pocket. The World Health Organization calls for “universal access” to
healthcare services for everybody in this world [20, 21]. “Universal healthcare”
(UHC) has the following dimensions: population (who is protected in case of
illness?), services (which service is covered in case of disease?) and cost recovery
(which part of the total costs in case of disease is covered?). UHC is a central
objective of international politics and a sustainable development goal [22]. It is
generally accepted that universal health coverage requires that national governments
take responsibility for the social protection of their population. Social insurances and
subsidy for the poor are the two most important instruments for this [23] (Fig. 12.9).

The World Bank calculates a UHC-coverage index incorporating all three dimen-
sions [1]. The world index of the year 2015 (latest data) was 63.7. Low-income
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Fig. 12.9 Universal Health Coverage (UHC). (Source: own, based on [23])

countries have a poor index (41.0), high-income countries a high index (80.1) and
middle-income countries are found between both extremes. Except for Afghanistan,
Pakistan and Yemen, all countries with an index of less than 40 are in Sub-Saharan
Africa with Chad as the country with the worst coverage. This data shows that in
particular Asian countries have strongly improved the social protection for their
population. More and more countries offer social insurance coverage at least for
parts of the population [24]. For instance, Cambodia has started a national Health
Equity Fund paying the user fees of healthcare facilities for those living under the
official poverty line [25]. Consequently, some 20% of the population are covered
(on a low level). At the same time, Cambodia has launched a National Social
Security Fund (NSSF) to cover all formal sector workers and civil servants. In the
long run, the respective services are to be expanded to the entire population.

The Vietnam Social Security (VSS) protects already some 85% of the population
in case of illness [21]. Opposite to Cambodia, there is a degree of solidarity between
social groups in Vietnam. It is the objective of the Government of Vietnam to protect
100% of the population by the year 2020.

The biggest single social health insurance in the world is the Jaminan Kesehatan
Nasional (National Health Insurance) of Indonesia [26]. With some 157 million
members it covers some 59.5% of the population. Services covered by the insurance
reach from implants to MRIs. The social insurance from Indonesia has become a
pattern to follow for many countries.

These three examples show that solidarity-based social protection systems are
developing all over the world. Without doubt, much has still to be done, but the
improvement of UHC will also have a strong impact on the demand for medical
devices in these countries. Equipment and implants which are unaffordable for the
individual in case of illness become a regular service component of the broad
risk pool.
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12.3.3 Aging Population and Urbanization

The impact of economic growth and health insurance coverage on the demand for
healthcare services will be accelerated by a strong demographic [27] and epidemi-
ological transition [28]. The traditional understanding of healthcare in low and
lower-middle-income countries was that the respective population is young and
suffers from infectious diseases, while the population in upper-middle- and high-
income countries is comparably old with chronic-degenerative diseases. While this
assumption was quite true 20 years ago, it is partly wrong today. And it will
definitely be wrong within the next 30 years.

Figure 12.10 shows the proportion of population aged 60 or over in 2014 and
2050. While the first impression is a worldwide aging, the most tremendous effects
are in Asia, in particular China, Thailand and Saudi Arabia. The 60+ population will
require higher health expenditure, and in particular their chronic-degenerative dis-
eases will require more diagnostic devices and implants.
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Fig. 12.10 Changes in population structure between 2015 and 2050 [29]
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Summarizing, we can state that low and lower-middle-income countries consti-
tute a tremendous economic potential for medical device producers. 49.2% (2017)
live in low and lower-middle-income countries, while only 16.6% live in high-
income countries. This great market for medical devices is constantly growing
because these economies grow, more and more people share the risks of illness
and the population is aging. The healthcare expenditure per capita has strongly
grown (see Fig. 12.11) all over the world, and there is no reason to believe that
this trend will come to an end. Instead, the category of low-income countries will
disappear soon in Asia and more and more people will enjoy high-end medical
devices. This market should be prepared by now.

Let us close with an allegory. German and French brands dominated the African
car market until 1980. The VW Beatle, VW Bulli and Peugeot (204)—in addition to
the expensive Land Rover—were omnipresent and services as well as spare parts
were available in all major African towns. In the 1980, Asian car manufacturers
started producing rather cheap and reliable four-wheel drive cars and conquered the
African market. European producers did not realize a market chance in the segment
of four-wheel drives and neglected Africa. They could have built on their quasi-
monopoly—but they ignored the chance. Today, more than one million cars are sold
every year in Africa but VW and Peugeot are not among the market leaders [30]. A
cheap and reliable four-wheel drive launched in 1985 by these two manufacturers
would have been without a serious competitor—but the chance was lost.

The analogy is obvious: European medical devices have still a high reputation in
Africa and Asia. Those countries which Europeans tend to call “developing coun-
tries” are the future of our products with billions of customers, steadily increasing
economic potential and increasing demand. The misjudgement of the car industry
should not be repeated by European medical device producers.
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Conclusion

Most people and even scientists think about high-income countries when they talk
about medical technology. It is obvious that the average person is much richer in this
group of countries in comparison to the average population in low-income countries.
In the absence of (social) health protection and with a need to finance modern
technology out-of-pocket, it is unlikely that the majority of the population of these
countries will benefit from top-quality medical products within the coming years.
However, this is only one side of the coin. The other side is that even very poor
countries have still a minority of very rich and internationally insured potential
customers. The tremendous population of these countries is aging—and by this the
markets will grow accordingly. Neglecting these markets with ready-to-pay cus-
tomers might be an unwise business decision today—but it will turn out to be a
commercial disaster within the next decade. The emerging markets might become
markets as strong as traditional western markets for health technology soon, and
what are called “developing countries” today might be the new markets tomorrow. It
is now time to pay attention to these markets.

Take Home Message

— Almost half of the world population lives in low and lower-middle-income
countries.

— The markets for medical devices in low- and middle-income countries are
steadily growing.

— There is demand for simple and cheap as well as for sophisticated devices.

— Enterprises should focus on the needs and preferences of people in low and
lower-middle-income countries, get acquainted to the specifics of cultures
and markets and start cooperation and joint ventures soon—otherwise they
will lose these markets.
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Chapter 13 )
Ethical Aspects in Medical Devices e
and Ethical Committees in Clinical Trials

and Regulations

Sergio Cerutti

Abstract Ethical problems are indeed relevant when dealing with medical devices,
apparatuses and systems. The fundamental aspect of such devices is that they are
employed for making diagnosis, therapy and rehabilitations on human subjects and
therefore they manifest results in a very important field of applicative science, with
direct cultural, economic, social implications and fallouts. In addition to that, it is
often the case that these pieces of equipment are directly connected to the patient in
various and different experimental conditions, thus creating dangerous potential
situations for the patient and her/his environment conditions (macroshocks and
microshocks). The role of safety and performance standards are therefore critical
in order to maintain a correct and proper use of these technologies and avoiding the
generation of risks and hazards for patient’s health. Therefore, the “virtuous”
challenge that has to be won by scientists and operators in this field is to be able
to implement a system with reliable laws and rules, clear and complete technical
standards, well trained clinical and technical personnel. Finally, ethical issues
involve many different cultural, clinical, and managemental aspects, not necessarily
confined within the concepts of modern biomedical technologies, which are of great
importance and interest and which are often underestimated.

Introduction
A basic point to be remarked is that the compartments of pharmaceutical drugs
(PHD) and medical devices (MD) are actually strictly regulated.

Just to provide an idea of the real impact of these compartments, it is worth to
mention that the total world PHD expenditures (2019) has been of about 1200 billion
US $ (about 15% of the total expenses for Health [35% USA and Canada, 28%
Europe, 26% Asia, etc.], while the expenses for Medical Devices have been around
520 billion US $ [44% USA e Canada, 29% Europa, 20 Asia, etc.].
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Conversely, the number of patents for MD has had a strong increasing in the last
years and reached the quote of 60,000, compared to a modest increment in the area of
PHDs. Therefore, strong developments are foreseen in the future for the MD
compartment in respect to PHD compartment, at least for the next expected years.

The present chapter describes the Ethical Issues with the current Regulations, in
particular referring to the MD compartment. As it is well known, on 2017, the new
Regulation on MD’s replaced the Directive on the same topic: a 3-year term was
granted for a gradual adaptation to the new document and another year was given for
the 2019-2021 epidemy. Therefore, the deadline for a mandatory application of it
has been fixed on May 26th, 2021. Analogously, the deadline for a mandatory
application of in vitro Diagnostics Regulation (IVDR) has been fixed for May
26th, 2022. As for a coherent choice from the Author of this section, the Italian
situation is mainly analysed: it is obviously inserted into the frame of EU legislation
and relevant Regulations. Therefore, while some considerations will be referred to
the Italian situation only, most of the rules do have a clear European perspective.
These aspects will be clarified within the text.

13.1 Clinical Trials for Medicinal Products
(Pharmaceutical Drugs)

The fundamental ethical principles to which the studies on clinical trials referred to
PHD must conform, have an origin from Helsinki declaration [1], Oviedo Conven-
tion [2], Guidelines of EMA for Clinical Trials [3] and from the requirements of the
international standards of Good Laboratory Practice (GLP), Good Clinical Prac-
tice (GCP) guidelines and Good Manufacturing Practice (GMP) guidelines
[4]. These rules and prescriptions constitute fundamental tools for implementing
that process which incorporates established ethical and scientific quality standards
for the design, conduct, recording and reporting of clinical research involving the
participation of human subjects and aims at maintaining data or goods resulting
from such a scientific research, in general, at a high level of quality standards.
Good laboratory practice (GLP) is intended to ensure the trustworthiness of
laboratory data and regulates the processes and conditions under which clinical
and non-clinical research is conducted. GLP also governs how these research
facilities should be maintained [Directives 79/831 CE, 99/11 CE and 99/12 CE]
[5]. Good clinical practice (GCP) guidelines are instead dictated by the International
Conference on Harmonization (ICH). The ICH GCP governs the ethical and scien-
tific quality of clinical trials. Hence, the ICH GCP covers topics such as the study
design, methodology, and data reporting related to clinical trials [ICH E6 (R2) Good
clinical practice] [6]. Finally, GMP regulates the design, monitoring, and control of
manufacturing processes and facilities. GMP compliance, for example, ensures the
identity, strength, quality, and purity of PHD products and it is designed to minimise
the risks involved in any pharmaceutical production that cannot be eliminated
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through testing the final product (Regulation No. 1252/2014 and Directive 03/94/
EC, applying to active substances and medicines for human use, World Health
Organization) [7].

The European Medicines Agency (EMA) relies on the results of clinical trials
carried out by pharmaceutical companies to reach its opinions on the authorisation of
medicines. Although the authorisation of clinical trials occurs at Member State level,
the Agency plays a key role in ensuring that the standards of good clinical practice
(GCP) are applied across the European Economic Area (EEA) in cooperation with
the Member States. It also manages a database of clinical trials carried out in the
European Union.

GMP Standards have been adopted by European Union (EU) and acknowledged
inside national regulations. In particular, Directive 2001/20/EU of the European
Parliament on the approximation of the laws, regulations and administrative pro-
visions of the Member States is related to the implementation of Good Clinical
Practice in the conduct of clinical trials on medicinal products for human use.
Further, Directive 2005/28/EC deals with the Good Clinical Practice, regarding
how to conduct clinical trials of medicinal products for human use, as well as the
requirements for authorisation of the manufacturing or importation of such products.

Another Directive (2001/83/EU and successive updates) is relative to a Codex
concerning PHD for human use, while Directive 2003/94/EU concerns Good Man-
ufacturer Practice relative to PHDs for human use as well as to experimental PHDs
for human use. Finally, Regulations EU 536/2014 deal with Clinical Trials in
Humans and have been finally recognised with updates on 16/12/2014.

The above-mentioned Directive 2001/20/EU defines as “clinical trial” “any study
on humans with the aim to discover or verify clinical, pharmacological or other
pharmacodynamical effects of one or more experimental PHDs and/or to single out
any adverse reaction to one or more experimental PHDs, and/or to study their
assimilation, distribution, metabolism and wash-out, with the purpose to verify the
safety and/or performance, as well as other elements of scientific character or not”.
This definition includes clinical trials carried on in one or more centres in Europe
(clause 2, comma 1, letter a). Such trials are defined “interventional”, in respect to
“observational”. Figure 13.1 illustrates the very long procedure which stays behind
an approval of a new pharmaceutical drug.

The steps to be fulfilled are:

Pre-Clinical Test (around 3 years duration): Such a duration is estimated after a
preliminary and initial period of testing new molecules, compounds or other chem-
ical substances (around 3-3.5 years duration). That is about 6.5 years in total, as
indicated in the first block of Fig. 13.1.

Such tests must evaluate the safety of the active principle (toxicity), its behaviour
after the administration, in terms of absorption, distribution, metabolism, elimination
(ADME) and pharmacokinetics (PK). During this phase, the drug is produced on
pilot scale, respecting Good Laboratory Practice (GLP) Standards.
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Fig. 13.1 The articulated, complex and very long procedure for the registration of a new pharma-
ceutical drug at EMA (European Medicines Agency)

Clinical Trials (7 Years)

The second block depicts the so-called Clinical Trials and are usually carried out in
three main phases (Phase I, II, IIT). Every phase approaches different aspects and the
outcome of every study phase is important to decide whether the experimentation of
the new drug in a determined phase could proceed to the successive one. It is
necessary to check the different phases of clinical development in order to guarantee
the safety and rights of the people involved into the clinical studies, the data
reliability and the compliance with the GCP Standards.

Phase 1

Phase I studies are dedicated to the analysis of the safety and tolerability profiles of
the product and generally are carried out on human healthy volunteers. The decision
to pass to Phase II is taken in consideration of the obtained results in Phase I, during
which sufficient information shall be collected on pharmacokinetics and in which the
drug must have demonstrated to have reached a good safety and tolerability levels.
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Phase I1

During Phase II, the drug is given to a selected group of patients (generally 100-300
people). The aim of these studies is to determine whether the new drug is really
effective for the treatment of the pathology. Further, the dose and frequency of
delivery must be determined to obtain the better efficacy with the lower possible
number of adverse events. At the end of Phase II, the efficacy data obtained, the
safety profile and adverse events must be examined and properly considered at the
aim of deciding whether the drug could pass on to Phase III of clinical trials and to
process the best design for the successive studies.

Phase 111

Phase III studies are programmed to confirm the drug efficacy and to monitor the
adverse events over longer time span: in fact, they base on the observation of a
greater number of patients (around 1000-3000 patients of different geographic
areas) and for a longer period of time (in average 2-3 years, depending upon the
type of therapy and pathology. Once Phase III studies are completed and if the results
have been significantly confirmed, proper documentation on drug efficacy and safety
is sent to regulatory Authorities in order to receive the “Authorisation to the Market
Admission (AMA)”.

Approval of Regulatory Authority and Marketing (1-2 Years)

The approval of a drug from a regulatory Authority is often a rather long process
which requires about 1 year for the revision of all the documentation and the delivery
of a final decision. After the Authorisation to the Market Admission (AMA), the
following step is to launch the product into the market, involving marketing depart-
ments which must produce a detailed market study, a communication plan, a
registered mark and a suitable training plan for the personnel who will manage the
product promotion.

Post-market Surveillance (Phase IV)

After the drug is approved by the regulatory authorities, it is necessary to execute the
so-called pharmaco-vigilance, i.e. to continue to monitor the safety, by collecting
information about drug adverse reactions from different sources, including spon-
taneous warnings. Such an activity is a law requirement and is fundamental to
guarantee public health, as it is fundamental to confirm the safety data collected
during clinical trials on the real patient’s population and over a long term. Among the
pharmaco-vigilance activities there is the continuous monitoring of risk/benefit ratio
in order to guarantee that the advantages of the therapy with the product are always
greater than the risks originated from possible side effects.

It is worth to remark the fact that generally the whole procedure starts with the
analysis of a huge number (even /0,000) of initial molecules or compounds and
finishes (hopefully) with the official approval of one drug! And that happens
15 years after the first step, if no emergential procedure is decided to be put into
practice!
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Observational Studies on Drugs

As illustrated by AIFA, the Italian Agency for Drugs, inside the Guidelines for
Observational Studies on Drugs, it is established that the observational studies on
drugs are particularly important for the evaluation of the safety profile in the normal
use conditions and over a great number of patients, to go deep into the efficacy of the
clinical practice, the pertinency of the prescriptions and the evaluations of “pharma-
economic type”. A statement of that kind is also present in other European legisla-
tions and therefore it is here presented as an example of a more general case.

Due to their characteristics, observational studies do not imply additional risks to
the patients to whom the best conditions of clinical assistance are offered. Conse-
quently, they require differentiated procedures in respect to what is required in the
experimental clinical studies.

Particular caution is required in order to avoid that a clinical trial is presented as
an observational study.

To this purpose, it is important to note that drug studies must satisfy the following
conditions in order to be considered non-experimental:

1. The drug must be provisioned according to the use indications, as in the Autho-
risation to the Market Admission in Italy (or in another European Country).

2. The prescription of the drug must be part of the clinical practice.

3. The decision to prescribe a drug to the single patient must be independent from
the one to include the patient in the study.

4. Diagnostic and valutative procedures must comply with the current clinical
practice.

It is necessary that Ethical Committees are informed on the development of these
studies in the health structure or on their territorial jurisdiction. It is also necessary
that, according to the proposed observational study, Ethical Committees always
receive a notice of the study or a formal request for the formulation of an opinion.

13.2 Clinical Trials on Medical Devices and In Vitro
Diagnostics Medical Devices

Actually (2021), the entire sections of MD and IVD-MD are under the umbrella of
two Regulations, which have the force of laws in Europe. One on MD and the other
one on IVD-MD (see also Fig. 13.2).

On May 2021, the EU MDR has replaced the EU’s current Medical Device
Directive (93/42/EEC) and Directive on Active Implantable Medical Devices
(90/385/EEC). On May 2022 the EU IVD-MD—Regulations will replace the EU
current in vitro Diagnostic Medical Devices Directive (98/79/EEC).

These two new Regulations were adopted on 5 April 2017, and they entered into
force on 25 May 2017. These have replaced the existing Directives, as indicated.
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Fig. 13.2 Examples of equipment covered by the two Regulations on Medical Devices (MDR) and
in vitro Diagnostics Medical Devices (IVD-MD)

Regulation (EU) 2017/745 of the European Parliament and of the Council of
5 April 2017 on medical devices, amending Directive 2001/83/EC, Regulation
(EC) No 178/2002 and Regulation (EC) No 1223/2009 and repealing Council
Directives 90/385/EEC and 93/42/EEC

Regulation (EU) 2017/746 of the European Parliament and of the Council of
5 April 2017 on in vitro diagnostic medical devices and repealing Directive 98/79/
EC and Commission Decision 2010/227/EU

The new rules will only apply after a transitional period. Namely, 3 years after
entry into force for the Regulation on medical devices (Spring 2020) and later on
postponed to 2021 for the COVID epidemy) and 5 years after entry into force
(Spring 2022) for the Regulation on in vitro diagnostic medical devices.

The need for a re-formulation of these Regulations came from serious incidents
connected to deficits in medical devices (silicon-gel mammary prostheses, metal-to-
metal hip prostheses, etc.) happened in the last decades and which influenced a lot
even European public opinion. The former legislation, based upon Directives,
demonstrated to be unable to avoid these incidents. This underlines the importance
of the ethical issue about the full compliance to all safety and risk requirements.

13.2.1 The New Regulations on MD in a Nutshell

The new Regulations contain a series of extremely important improvements to
modernise the current system. Among them are:

* stricter ex-ante control for high-risk devices via a new pre-market scrutiny
mechanism with the involvement of a pool of experts at EU level
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the reinforcement of the criteria for designation and processes for oversight
of Notified Bodies

the inclusion of certain aesthetic devices which present the same characteristics
and risk profile as analogous medical devices under the scope of these
Regulations

the introduction of a new risk classification system for in vitro diagnostic
medical devices in line with international guidance

improved transparency through the establishment of a comprehensive EU
database on medical devices and of a device traceability system based on Unique
Device Identification

the introduction of an “implant card” containing information about implanted
medical devices for a patient

the reinforcement of the rules on clinical evidence, including an EU-wide
coordinated procedure for authorisation of multi-centre clinical investigations
the strengthening of post-market surveillance requirements for manufacturers
improved coordination mechanisms between EU countries in the fields of
vigilance and market surveillance

The stages of CE mark procedure for Medical Devices are:

. Device classification
. Compliance check of General Safety and Performance Requirements (SPRs)
. Delivery of CE Mark of the product

For a detailed analysis of the basic philosophy, the definitions and international

Regulations for Medical Devices and in vitro Diagnostics Medical Devices, see
Chap. 4 of this book.

1.

2.

The Classification is the first action which has to be made by the manufacturer in
order to single out the device class and to adopt the relevant mark procedures.
Any medical device must comply with the so-called General Safety and Perfor-
mance Requirements (GSPRs’). These requirements, which are indicated in the
EU Regulations, are mandatory for both the device and its production system.
The objective is that the devices must be designed and produced in such a way
that their use does not threaten patient’s clinical state, nor user’s or third party’s
safety and health, when they are used under the conditions and for the expected
aims. The possible risks must be at an acceptable level, taking into account the
benefits brought to the patient and being compatible with a high level of health
and safety protection. That means that, in order to produce a medical device, the
manufacturer must demonstrate that not only its product, but also the manufactur-
ing process in its different aspects are in agreement with these requirements
(project, fabrication, controls, etc.).

Compliance with the ‘General Safety and Performance Requirements (GSPRs)’ is

a cornerstone in establishing conformity with the recently published MDR. The
GSPRs are detailed in Annex I of the MDR. The GSPRs have replaced the Essential
Requirements (ERs) found in Annex I of each of the former Medical Device
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Fig. 13.3 Overall procedure for obtaining the CE Mark on a medical device. QMS: Quality
Management System, MDR: Medical Devices Regulation, IVDR: in vitro Diagnostic Regulation

Directive (MDD) and former Active Implantable Medical Device Directive
(AIMDD).

The basic philosophy is that the higher the risk of the device, the greater shall be
the guarantees for safety for the device production provided by the manufacturer.
The entire procedure for obtaining a CE Mark on a device is depicted in Fig. 13.3,
starting from the initial step of device classification, up to the final step of affixing the
CE Mark on the device itself.

For Class I equipment, the manufacturer could mark the product and put it into the
market after writing a “CE declaration of conformity” to the General Safety and
Performance Requirements. Through such a document, the manufacturer guarantees
and declares that his products fulfill the Regulation requirements. However, the
company shall have available all the technical documentation suitable to demon-
strate the safety of the produced product. The “CE conformity declaration” is the
simplest procedure of the CE mark. It deals with a simply declaration of assumption
of responsability, without the intervention of a Notified Body.

13.3 Regulation (EU) No. 2017/745

As a mere example of application, the EU Regulation 2017/745 of the European
Parliament and of the Council of 5 April 2017 concerning medical devices (herein-
after, the “MDR”) repealing Directive 90/385/EEC (hereinafter, the “AIMDD”) and
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Directive 93/42/EEC (hereinafter, the “MDD”), is here reported. Such a regulation
entered into force on 25 May 2017. As stated by EU Regulation no. 2020/561 of
23 April 2020, the MDR will come into force from 26 May 2021 on.

The MDR regulates:

e Medical devices for human use and their accessories (ref. art. 1, p.1 of the MDR);

* Device not placed on the market but used in the context of a commercial activity
to provide a diagnostic or therapeutic service through information delivered and
stored by services companies or other means of communication (ref. art. 6 of
the MDR);

¢ Products that are not intended for medical use and listed in Annex XVI (ref. art.
1, p. 2 and Annex XVI of the MDR).

From May 27, 2024, only medical devices conforming to the MDR with a valid
EU certificate of conformity issued in accordance with the MDR may be placed on
the market.

13.3.1 Classification of Devices and Conformity Assessment
Procedures

The Devices are divided into four risk classes I, IIA, IIB, III according to their
intended use and the risks involved.

The classification is carried out by the Manufacturer according to the
criteria of Annex VIII of the MDR (ref. art. 51 of the MDR).

Before placing a device on the market or in service, the manufacturer must assess
the conformity of the device in accordance with the applicable conformity assess-
ment procedures set out in Annexes IX to XI (ref. art. 52 of the MDR).

The conformity assessment procedures applicable to each class of risk are set out
Table 13.1.

If the conformity assessment procedure requires the intervention of a Notified
Body, the Manufacturer (or its Authorised Representative) submits an Application
for Certification to a designated Notified Body of its choice (see Table 13.2).

13.4 Key Aspects of the New Medical Device Regulation
(MDR)

¢ Jtintroduces new classification rules and modifies some of the former MDD rules,
making the classification criteria more stringent (ref. Annex XVIII of the MDR).

It has four risk classes: I, IIA, IIB and III (Active implantable medical devices are
in Class III).
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Table 13.1 Conformity assessment procedures applicable to each MD class of risk

Device class

Conformity assessment
procedure (MDR
Annexes)

Intervention of the notified body

I (non-sterile, without mea-
suring function, nonreusable
surgical instrument)

Declaration of confor-
mity (Annex IV)

Not required

I sterile (IS)

I with measurement function
(IM)

I Reusable surgical instrument
(IR)

— Annex IX—chapter I
or
— Annex XI—part A

Yes, the intervention of the Notified
Body is limited respectively to:-
“aspects relating to establishing,
securing and maintaining sterile con-
ditions”’;—aspects relating to the
conformity of the Device with the
metrological requirements;—aspects
relating to the reuse of the Device
(cleaning, disinfection, sterilisation,
maintenance and functional testing
and the related instructions for use)

Ila

— Annex IX—chapter I
or

— Annex XI—Part A
or

— Annex XI—Part B

Yes

IIb (non-implantable)

— Annexo [X—chapter
1

or

— Annex X combined
with Annex XI—Part A
or

— Annex X combined
with Annex XI—Part B

Yes

IIb implantable®
1T

— Annex IX chapter II
combined with Annex
IX—chapter 1

or

— Annex X combined
with Annex XI—Part A
or

— Annex X combined
with Annex XI—Part B

Yes

#Annex IX—Chapter IT does not apply to the following implantable Devices: sutures, staples, dental
fillings, dental braces, tooth crowns, screws, wedges, plates, wires, pins, clips or connectors

e It introduces economic operators (Manufacturer, Authorised Representative,
Importer and Distributor) and defines their specific obligations.

e It introduces the need for the Manufacturer to have financial coverage and a
person responsible for compliance.

It strengthens the need for the Manufacturer to have: a risk management system; a
post-market surveillance system; a system for reporting incidents.
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Table 13.2 The conformity assessment procedures as set out in Annexes IX—XI. (QMS: Quality

Management System)

Corresponding
MDR conformity assessment MDR MDD/AIMDD
MDR Annex procedure certificate Annex
Annex | Annex Device design | Assessment of the EU technical Annex 11.4
IX IX assessment Device technical documentation
chapter documentation assessment
i certificate
Annex Assessment Assessment of the EU quality Annex II
X of the quality | complete quality sys- | management except 4
chapter | system tem applied to all system
1 (complete) phases—design, certificate
manufacture and final
control of the product,
with verification of
the technical docu-
mentation of the
Devices covered by
this QMS
Annex X Product Assessment of the EU type- Annex IIT
assessment technical documenta- | examination
tion of the Type and | certificate
Performance of tests
on a representative
example of a given
production (type
verification)
Annex XI—part Assessment Assessment of the EU quality Annex V
A of the quality | quality system assurance
system pro- applied to the certificate
duction qual- | manufacturing phase
ity assurance) | of the product,
including verification
of the technical docu-
mentation of the
Devices covered by
this QMS
Annex XI—part B | Product Assessment of the EU product Annex IV (ver-
assessment technical documenta- | verification ification of
(related to tion of the Device and | certificate each Device)
production) Performance of tests

on each individual
product

o It strengthens the need for the Manufacturer to demonstrate compliance with
clinical data.
e It introduces the drafting of specific documents by the Manufacturer: Safety and
clinical performance summary for Class III Devices and Implantable Devices,
Post-market surveillance report for Class I Devices and Periodic safety update
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report for Class ITA, IIB and III Devices; Trend reporting; Card for patients with
implantable devices.

» It strengthens the concept of traceability of devices with the creation of the UDI
system.

o It strengthens the use of EUDAMED (European Database on Medical Devices)
for the collection of Device information in a single European database.

* It eliminates conformity assessment procedures based on product quality assur-
ance (Annex VI of the MDD) and statistical product verification (Annex IV of the
MDD with sampling).

13.4.1 Quality Management System (QMS)

The conformity of Medical Devices and in vitro Diagnostic Medical Devices
according to the European Union Regulations or (previously) Directives must be
assessed before sales are permitted. One of the major requirements to prove confor-
mity is the implementation of the Quality Management System (QMS) according
ISO 9001 (general rules) and/or ISO 13485 (MD’s) (2016) and ISO 14971 (Risk
Management in MD’s) (2019). Even if the EU Regulations do not mandate certifi-
cation to ISO 9001 and/or ISO 13485, the preferred method to prove compliance to
such standards is to seek its official certification which is issued by certifying
organizations (Registrars or Notified Bodies). A very careful assessment of
the company’s Quality Management System by the Notified Body, together with
the review of the required Technical Documentation, is a major element which the
Notified Body takes into account to issue the certificate of conformity to the
company product(s).

13.5 Ethical Aspects and Ethical Committees

The Ethical Committee for clinical trials of medicinal products and of Medical
Devices is an independent body which has the responsibility to guarantee the
protection of rights, safety, and well-being of subjects in the trial and to provide
public warranties of such a protection. The Committee can be established inside one
or more public health structures (or comparable others, such as hospitals), in
conformity to the applicable discipline. Further, the Ethical Committee is formed,
in agreement with the regional standards, inside the in-charge regional
administration.

Ethical Committees can also have a consultive function in relation to ethical
issues connected with the scientific and welfare activities. The purpose is to guar-
antee the protection and foster human subjects values, if these functions have not
already been attributed to other specific organisms. Further, Ethical Committees may
propose initiatives of training the health operators, in relation to bioethics matters.
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As a European reference, Directive 2001/20/CE may be mentioned which is relative
to the application of Good Manufacturing Practices in the execution of drug clinical
experimentation in clinical use. In Italy, the D.M. 12th May 2006 has established the
minimal requirements for the establishment, the organisation and the functioning of
Ethical Committees. Finally, Ethical Committees are responsible:

* to make the revision and to express an opinion on the protocol under study.

* to evaluate the proposed significant amendments and to convey an opinion.

* to verify the identity of experimenters, of structures, of materials and methods to
be employed.

e to obtain and support the informed consent of the participants to the clinical
study.

* to make periodical re-evaluations of approved studies.

13.5.1 Ethical, Scientific and Methodological Evaluation
of Clinical Studies

Ethical, scientific and methodological evaluation of clinical studies has a reference
which is expressed by the previously mentioned Directive 2001/20/CE, and by
Helsinki declaration, Oviedo convention, GCP requirements and by the updated
guidelines of EMA, regarding the evaluation of efficacy of clinical trials.

Ethical problems are becoming more and more important and pervasive in all
human activities in healthcare. As far as scientific research is involved, there is also
an “utilitarian” aspect to be considered: no scientific journal publishes now a
research, an experimental or a developmental paper implying human subjects or
animals without the approval of an Ethical Committee.

It is clear that the regulatory aspects of MD and IVD-MD are fully covered by
proper EU Laws (Regulations) as well as by proper Technical Standards issued by
qualified Committees of IEC and ISO. Most of these standards, related to the topic of
MD and IVD-MD are also incorporated into European technical legislation as
Mandate Standards. It has not been always managed in this way. Some decades
have been required to reach such a rational organisation of EU Laws and acknowl-
edged Technical Standards. It was necessary to make a long journey to reach this
point, also passing from the “regime” of EU Directives to the one of EU Regulations
on 2017.

Taking into account ethical aspects we may reasonably start from the ten points of
the Nuremberg Code. This Code is constituted by a set of research ethical principles
for human experimentation created as a result of the Nuremberg trials against
members of German Nazi party, responsible for a variety of war crimes during the
World War II. In particular, the so-called Doctors’ Trial gave rise to the delivery of a
Code (in 1947) which included innovative principles such as:
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* Informed consent

* Absence of coercion

* Properly formulated scientific experimentation

* Beneficence towards passive participants involved in the experiment.

This concept is mainly based on the Hippocratic Oath, which was interpreted as
endorsing the experimental approach to medicine while protecting the patient.
The ten points which constitute the Code are:

1. The voluntary, well-informed, understanding consent of the human subject
in a full legal capacity is required.

2. The experiment should aim at positive results for the society that cannot be
procured in some other way.

3. It should be based on previous knowledge (e.g. an expectation derived from
animal and pre-clinical trials) that justifies the experiment.

4. The experiment should be set up in a way that avoids unnecessary physical
and mental suffering and injuries to the passive participants (human or animal).

5. It should not be conducted when there is any reason to believe that it implies a
risk of death or disabling injury.

6. The risks of the experiment should be in proportion to (that is, not exceed) the
expected humanitarian benefits.

7. Preparations and facilities must be provided that adequately protect the sub-
jects against the experiment’s risks.

8. The staff who conduct or take part in the experiment must be fully trained and
scientifically qualified.

9. The human subjects must be free to immediately quit the experiment at any
point when they feel physically or mentally unable to go on.

10. Likewise, the medical staff must stop the experiment at any point when they

observe that continuation would be dangerous.

13.5.2 European Regulation on Clinical Trials: Towards
the Harmonisation of Standards on Clinical Trials

Regulation n. 536/2014 dated on 16th April 2014, on clinical trials on medicinal
products for human use, and repealing Directive 2001/20/EC has entered into force
in 2019.

The Regulation will ensure a greater level of harmonisation of the rules for
conducting clinical trials throughout the EU. It introduces an authorisation procedure
based on a single submission via a single EU portal, an assessment procedure leading
to a single decision, rules on the protection of subjects and informed consent, and
transparency requirements.

It will also make it easier for pharmaceutical companies to conduct multinational
clinical trials, which should increase the number of studies conducted within the
EU. The general principle is outlined in Art. 3 of the above-mentioned regulation.
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A clinical trial may be conducted only if: (a) the rights, safety, dignity and well-
being of subjects are protected and prevail over all other interests; and (b) it is
designed to generate reliable and robust data.

To improve data transparency from clinical trials, a European public and acces-
sible databank of detailed abstracts (including final relations) will be available once a
final decision is taken for the market submission or when an authorisation is rejected.

No application disclosure will be anymore accepted among European Member
States. The strengthpoints are: (1) unique evaluation of a clinical trial, shared by all
the Member States , (2) unique portal and European database directly managed by
EMA and (3) unique access point for the documentation delivery and access.

Finally, it is worth to remember that also Regulation EU 2016/679, 27th April
2016, “General Data Protection-GDPR, on the protection of natural persons with
regard to the processing of personal data and on the free movement of such data”, is
mandatorily active from 25th May 2018. Particular attention is dedicated to Health
Data (anagrafic, from medical record, biometric, genetic). A DPO (Data Protection
Officer) is also foreseen who could be involved within 72 h from the possible
violation to be notified to Privacy Authority. There is also mention to Accountability
Commitments (at various levels) in the collection of these personal data.

For a complete implementation of DGPR, at least in Italy, we will have a National
Law + Advice from Italian Privacy Authority.

It is worth to remember that an Ethical Committee must be interdisciplinary, i.e. is
constituted by different experts from various areas. As an example, the Ethical
Committee of the European Institute of Oncology and the Cardiological Institute
in Milan is constituted by experts in the following areas or specialities:

Cardiosurgery, Pharmacology, Bioethics, Profession in Health, Biomedical Engi-
neering, Genetics, Surgery, Biostatistics, Volunteering and patient safeguard, Clin-
ical Oncology, Clinical Cardiology, Legal and insurance, Pharmaregulation,
Pharmacy management, General Medicine, Pediatry.

Conclusion

The area of Pharmaceutical Drugs and Medical Devices is very complex, but has
the characteristics of being ruled by European Laws (Regulations) and Technical
Standards. Appropriate skills are required to correctly manage the various processes
involved. The various and different skills of the involved stakeholders must be
integrated with the adequate management actions.

On many occasions, it is the whole system that is inefficient and not very
available to innovation. As an example, a major effort should be dedicated to
improve its efficiency and efficacy through innovative measures relative to elec-
tronic informed consent, unified standards for the EHR, greater participation of the
patient with perception of better control over her/his health situation and, finally,
greater cooperation between trial researchers and treating physicians.

An important reference point, according to the official GCP document, is that two
paper documents are still required. One for the patient and one for the clinical
structure. Are we ready to move to fully computerised solutions? There are certainly
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some regulatory, legal, insurance aspects and constraints, and others which still
require documents in paper.

The developments of ICT-related techniques on the one hand and the consider-
able sociological change that will occur in the coming years (increase in the elderly
population, increase in diseases linked to chronicity, different composition of the
Italian/European population, lower activity in the hospital and greater activity on the
territory and in the home environment, etc.) will be a challenge that must be won
with a visionary, efficient and effective concept. It must involve all the actors on the
scene of the Health System in order to create well-being for the entire population, not
only to increase the years of life, but improve life in living years (QoL).

Regarding ethical Issues and the role of the Ethical Committees, it is fundamental
to preliminarily think of the Patient to provide him with a “Simple, Explicit, Free,
Personal, Conscious and Manifest, Preventive, Specific and Confidential report”’
and to represent her/his interests in front of very powerful stakeholders (companies,
researchers, representatives of healthcare systems and political decision makers).

Among the major problems encountered into the field, it is important to remark
the following aspects:

* Compromise to be reached between scientific development and benefit to the
patient.

e Compromise to be reached between privacy and security problems and the
advantage of data-sharing.

 FEthical and methodological aspects of Trials vs Placebo.

¢ Informed Consent [the e-consent is actually strongly encouraged]

e “Precision Medicine” vs “Protocol-Based Medicine” (!)

 FEthical dilemmas (efficient cost/benefit analysis before choosing a therapeutical
procedure)

e To think preliminarily of the Patient; to find optimal tools of analysis: it was
quoted that Google is better than WHO for the prediction of flu epidemies (!!?7)

* Fundamental message: ethical problems must NOT be felt like a constraint, rather
as a developmental motor to innovation (devices and instruments built according
to a “people-oriented” paradigm.

The final objective is to be able to fulfill an “Integral Ecology”, starting from
“Laudato si’, sulla Cura della Casa Comune” (Praise Be to You - on Care for our
Common Home), expressed in the second Encyclical letter of Pope Francis, 2015 [8].

There, the concept of “Integral Ethics” is introduced: a triad Man, Animal, Nature
has to be maintained for the well-being of All. Finally, there is a “Unique Tale” on
the origin of Universe and hence of our planet. There is only one genealogic tree
which gathers together all the living beings (including Man). The first Book that God
wrote were not the Holy Texts, but the Cosmos.



266 S. Cerutti

Take Home Message
— Ethics is a very relevant issue when dealing with pharmaceutical drugs,
medical devices, apparatuses and systems. Like drugs, the field of medical
devices is strictly regulated by Laws (Regulations) and Technical Stan-
dards. Appropriate skills are required to correctly manage the various
processes involved.

— When dealing with the development of medical devices, the right compro-
mise must be reached between scientific and technological development
and benefit to the patient. In addition, the conciliation between patient’s
privacy and security and the advantage of data-sharing should be
considered.

— The evaluation of the cost/benefit ratio for the selection of a therapeutical
procedure, including a risk analysis, should also be considered as an ethical
aspect.

— Ethical considerations are not a constraint, but should be considered as a
developmental motor for innovation. Medical devices and instruments must
be built following a “people-oriented” paradigm.
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Chapter 14 ®)
Medical Devices in Healthcare: Where We o
Are and Where We Are Going

Carlo Boccato, Sergio Cerutti, and Joerg Vienken

If I had an hour to solve a problem and my life depended on
the solution, I would spend 55 minutes determining the proper
question to ask. For, once I know the proper question, I could
solve the problem in less than 5 minutes.

(Albert Einstein)

A systems perspective can minimize the mess; many of today’s
problems are because of yesterday’s solutions.

(Dr. Irene Akua Agyepong, Ghana Health Service—Ministry
of Health, Ghana, 2009)

Abstract In this chapter, as conclusive thoughts, the editors of the book give an
overview of the problems and opportunities of present healthcare systems.

Healthcare is recognised as a very complex scenario, with several critical aspects
that may be difficult to manage. There are also many opportunities for physicians,
bioengineers and managers to improve the quality and value of care. Technology has
obviously an important role in boosting these improvement chances. For this reason,
a summary of the most promising innovations is given.

The followed approach to address the complexity of the healthcare system is to
adopt a holistic systems’ approach. The task to ask questions with focus on
multidisciplinary methodology is taken by experienced contributing authors. A
summary table guides the reader to these questions about topics like value, sustain-
ability and innovation and answers provided in the appropriate chapters.
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Our final considerations will start with these two citations shown above. They
describe the attitude followed by the authors when writing this book: asking
questions and finding answers whilst taking a close look on the application of
medical devices as a system approach. In the following, we will summarise some
of our considerations and try to venture a prognosis on possible future properties and
functions of innovative medical devices.

A Complex and Promising Scenario

The present panorama of the healthcare system is characterised by different actors,
their mutual interactions as well as strengths, weaknesses, opportunities and threats
(SWOT-analysis) of medical devices. By this means we attempted to give some
orientation to navigate the complex realm of medical device technology and its
application, whilst also considering the special strategic role of medical device
manufacturers.

Factors to be considered are:

* Assessment of the economic and sociocultural environment of medical device
application, including dangers, risks and chances.

* Analysis of financial and human resources, as well as technological capabilities in
the realm of medical devices.

¢ Determination of key indicators to describe quality and performance of both
medical devices and treatment modes in order to achieve the success of a therapy.

e Commitment to implement measures to guarantee socioeconomic
accomplishments.

With the mind-map shown in Fig. 14.1, even if not fully exhaustive, this complex
scenario can be closely depicted. The map also highlights the impact of medical
device technology on ambulant and clinical accomplishments of healthcare systems,
and touches aspects we would like to share with the respected reader.'

Major contributions with impact on healthcare come from various stakeholders
which explain the need for harmonisation among different competing targets and
among the different national and international legal prescriptions. The Kissik’s iron
triangle [1] underlines e.g. that delivering care quality, allowing general access to
care for all in need whilst keeping the cost within a sustainable level are such
conflicting objectives in need for harmonisation.

Following WHO [2], and reproposing a model from T. Tanahashi [3], there is an
important potential for the improvement of healthcare systems. This can be achieved
by addressing specific targets for both performance and quality of medical treatment
as well as ensuring services for the populations. The present performance gaps
towards the universal delivery of an effective and affordable coverage of health

"This map focus on the role of technology. Of course, the presence of the different actors like
healthcare professionals, managers and policy makers plays a major role. The involvement of the
lay carers should also not be neglected. The contribution of this people is not mentioned in the
Fig. 14.1, but should be considered also in respect to their important interaction with the technology
itself.
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services includes, among others, the logistics and availability of components and
equipment, as well as the possibility to ensure the dedicated and timely contact
between patients and caregivers. Obviously, these gaps are even more evident in
healthcare systems of low-income countries or in countries without national health
insurance programs.

Failure in providing the right quality of care, the lack of coordination in care
delivery, an overtreatment or a treatment with low-value have been quoted among
the main causes for the waste of resources in the US healthcare system [4, 5]. These
considerations may also hold true for many other countries, primarily in the affluent
part of the world.

These drawbacks can be overcome by the improvement of the Care Delivery
Value Chain (CDVC) [6] by implementing a systemic application of medical devices
and in particular innovative technologies. As illustrated in Fig. 14.1, this improve-
ment is based on instruments and tools which allow to assist the ancillary HC
activities. Among them are measures allowing to define, inform, assess and facilitate
the access to care as well as supporting the delivery of the care itself.

14.1 The Questions

Even if we may not be as optimistic as Albert Einstein, and notably not able to solve
complicated issues in less than 5 min. as being cited above, asking questions is
always a good practice when dealing with complex topics.

The questions we have asked in the introduction of this book entitle us to
elucidate possible ways to navigate the complex scenario as illustrated in Fig. 14.1
in more detail. Each co-author of this book was engaged to answer these questions
on the basis of her/his experience and point of view and provide both a take home
message and an outlook for future activities.

None of these questions has a simple and/or single answer. Each topic requires
multiple perspectives and a suitable helicopter view. For this reason, each chapter
underlines several different aspects, the most important are highlighted in the last
column of Table 14.1.

14.2 The Role of Technology

Technology is one of the main and most pervasive topics in the map shown in
Fig. 14.1. Taken together, aspects outlined here will result in a deep change in
healthcare. Additional opportunities, like IoMT (Internet of Medical Things), Al
(Artificial Intelligence), further advances in robotics, imaging and telemedicine,
telehealth, precision medicine and extensive use of digital therapeutics (DTx) are
going to come true [7, 8]. These solutions are expected to become standards in the
next decades. Such advances will also have a deep impact on the outcome of sick
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Table 14.1 The questions to be answered in this book
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Questions

Answers in chapter(s). . .

Key topics

What is the meaning of value
in healthcare?

Chapters 1, 2, 8,9, 10, 11

Value for the stakeholders,
system resilience, access to
care, cost and performance

How can the healthcare system
and organisations pursue the
value, quality and sustain-
ability of healthcare (HC)?

Chapters 1, 2, 6, 8,9, 10, 11

Generation of value, HC
process management and
technology support,
performance of therapy and
devices, risk management,
reimbursement issues,
environmental impacts, social
sustainability

How to decide about the best
applicable medical
technology?

Chapters 2, 3,4,5,6,7,8,9,
10, 13

Appropriate testing and
selection of devices,
biocompatibility
considerations, introduction
of innovation, healthcare
provider organisation

How to control the quality and
safety of the application of
medical technology?

Chapters 1,2,4,5,6,7,11, 13

Adequate testing, standards
and regulations, risk
management, application
environment, devices
development, patient’s data
security

How can a Healthcare Provider
Organisation (HPO) optimise
its performance with the use
of medical devices and
equipment?

Chapters 2, 6, 9, 10, 11

Qualified employees, device
selection, application
environment, risk
management, process
management, cost control and
reimbursement schemes

What is the role of innovation
in healthcare (medical
devices)?

Chapters 2, 3, 4, 5, 13

Management of innovation,
control of the achieved
quality, defined target groups,
personalised medicine,
telehealth and ethics

patients given that additional financial resources are supplied. Promises and infor-
mation about announced innovations by the involved industries and other stake-
holders to the public and to patients have to be met. The often-heard notion “Too
good to be true!” has a special meaning in healthcare and promises not kept may
destroy the confidence into capabilities of medical devices to their disadvantage.

Remembering J.A. Schumpeter [9], innovation is the market introduction of new
products and practices derived from the combination of existing products and
technologies in different ways. This notion provides a basis for the exponential
growth of technologies in different fields and in the medical field in particular.
Examples are e.g. the combination of ICT, internet, and sensors for the online
monitoring of vital parameters on the way to achieve a better patient’s self-
monitoring and a really effective telemedicine.
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Here, with the term “technology” we refer to both the items strictly defined as
“medical device”, but also to any additional product, either hardware or software,
that works on patients, possibly in connection with other items for diagnostic or
therapeutic purposes. Among them are “Combination products”, where medical
devices are combined with biological cells or systems. They are experimentally
used, e.g. in bioartificial livers or in bioartificial kidneys or in bioreactors
[10, 11]. They show promising results when applied both in medical application
and in in vitro diagnostics, such as a lab-on-a chip (LOC). LOCs are devices that
integrate one or several laboratory functions on a single integrated circuit of the order
of mm? or a few cm? to achieve automation and high-throughput screening
[12]. Most recent innovations—with more than 3000 publications since 2009—
refer to organoids in 3D configurations [13]. However, their clinical use and
marketing requires complex approval procedures. These devices are qualified as
medicinal drugs and not as medical devices according to their higher-ranking
pharmaceutical “principal mode of action” under the EU ATMP-regulation
(ATMP-Advanced Therapeutical Medicinal Products [14]). As a consequence,
such combination products have to undergo timely Phase I-III clinical trials for
approval and sales. The future of such devices will depend on financial resources, the
interest of dedicated scientists and public acceptance.

It must again be noted that medical devices and combination products must
comply with the regulations applicable to their “principal mode of action”. Medical
devices base on physically controlled modes of action and thus exhibit a certain level
of risk when applied [14, 15], whereas combination products act preferentially by
pharmaceutical means. The management of associated risks should be connected
with both types of application. Ensuring Reliability, Reproducibility and (Re)-
traceability (3Rs) of medical devices (as a major request in the MDR) and ATMPs
is vital for the safety of patients and for caregivers either.

Recently developed technologies allow for the implementation of wearable
sensors to assess vital parameters online, both invasively and noninvasively as a
point-of-care device (POC). Applications have been reported to be useful in case of
multiple sclerosis, allowing for the remote assessment of the progress of illness or
the effectiveness of the therapy [16]. A landmark change in diabetes care came with
the development of “continuous glucose monitoring (CGM)” via an indwelling
subcutaneous sensor that could check interstitial fluid glucose readings every
3-5 min. CGM provides more frequent information on blood glucose and less
invasively, than with the use of a traditional measuring instrument [17]. Under
development is currently also a wearable microneedle, multifluidic insulin-sensing
device which allows for closed-loop insulin-delivery systems. When available,
direct and online tests of insulin levels might help increase the “time in range” for
people with type 1 and type 2 diabetes [18].
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An additional and important area of improvement is related to the “patient’s
journey”.? In many situations a deeper involvement of technology (e.g. IT and
remote monitoring) could make it easier and more effective in terms of cost and
outcomes [19]. The assessment of physiological parameters and quality indicators
with biosensors as a point-of care (POC) device is also useful to overcome the more
and more important issue of the growing incidence of chronic diseases. In this
context, a “bench-to-bedside” approach is also underway using neuro-prostheses,
e.g. for the control and maintenance of blood pressure [20]. Implantable sensors,
pacemakers, subcutaneously implanted devices, as well as left ventricular assist
devices (LVADSs) or even a total artificial heart (TAH) need electric batteries for
their function. Current concepts follow the concept of miniaturising these batteries
and improving their shelf life, such that they can be implanted in the body and to
avoid infection by transcutaneous cables [21].

In fact, there is (always) an informative asymmetry between the doctor’s visit and
the daily life of the patient. What can be seen by the physician during the limited time
of her/his visit may not fully represent the patient’s experiences during her/his daily
life. IoT application are one possible solution, another may be facial recognition of
patients [22]. With the help of this technology, developed for the control of people in
public areas, physicians might be able to profit in their diagnoses on patient’s well-
being in the future.

Of course, all the above requires the implementation of a powerful and reliable
communication network, but also a more systemic approach, involving the storage
of data, the possibility to share information based on data among the different
platforms and individuals, such as caregivers, possibly via the FHIR (Fast
Healthcare Interoperability Resources) standard. Last, but not least, it is required
to dedicate attention and resources to the adequate training of all the involved
stakeholders, including patients, lay and professional caregivers. The security of
the involved IT system and the anonymous recording of data is also a mandatory
issue.

14.3 System Approach

Medical device technology has made progress in recent years. Innovative ideas and
concepts have led to considerable and positive improvements in global healthcare, of
which we could mention only a few. Diseases can be earlier diagnosed and treat-
ments initiated such that in many cases a win-win situation for patients, caregivers
and health insurance funds can be observed. One reason for success is “System and

2 A formal term for the sequence of care events which a patient follows from the point of entry into
the system triggered by illness until the patient is discharged from hospital to his or her home, care
home, hospice or due to death. [patient journey. (n.d.) Segen's Medical Dictionary. (2011).
Retrieved June 22, 2021, from https://medical-dictionary.thefreedictionary.com/patient+journey].
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design thinking”. By these complex systems, such as the healthcare system can be
successfully managed and possible negative emerging side effects and behaviours be
counteracted in time [19].

The sentence by Dr. Irene Agyepong, indicated at the beginning of this chapter
(quoted in [19]), is precious, since it underlines the need to apply the right systemic
approach when dealing with the organisation of healthcare systems. This is abso-
lutely important when considering both the prominent impact of innovation in
healthcare and the number of different stakeholders. The systemic attitude is of
particular importance when setting healthcare services in low-resources settings. The
leapfrog effect can help to avoid the mistakes observed in the past by the now “more
advanced” organisations.

The map in Fig. 14.1, besides providing a picture of the most relevant topics in
actual healthcare systems, also suggests that an innovative approach has the potential
to help for the solution of both technological and medical problems. This complex
mix of opportunities and threats must be managed with a systemic and holistic
approach to fully exploit the opportunities offered by medical device technologies.

Take Home Message

— The objectives of healthcare systems are to provide easy and timely access
to therapies, guarantee the delivery of quality and value of care ensuring
sustainability.

— Important factors are also the healthcare system resilience and the patient’s
empowerment.

— Medical devices and related innovative technologies, including “common”
devices like a smartphone or upcoming face recognition system, may
provide a strong support to reach these objectives.

— In all mentioned applications, it is mandatory to ensure that device’s
efficacy, safety and risks are adequately managed.

— The number of interconnected objectives, some of them performing even in
a mutual potential conflict, and the number of involved stakeholders, are
representative of a very complex scenario that needs to be addressed with
both a helicopter view and a system approach.

— Following a system approach, technology and innovation are key elements
to support improvement and sustainability of healthcare systems.
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