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Introduction: The recent introduction of the European Medical Device Regulation
poses stricter legislation for manufacturers developing medical devices in the EU.
Many devices have been placed into a higher risk category, thus requiring more data
before market approval, and a much larger focus has been placed on safety. For
implantable and Class Ill devices, the highest risk class, clinical evidence is a necessity.
However, the requirements of clinical study design and developmental outcomes are
only described in general terms due to the diversity of devices.

Methods: A structured approach to determining the requirements for the clinical
development of high-risk medical devices is introduced, utilizing the question-based
development framework, which is already used for pharmaceutical drug develop-
ment. An example of a novel implantable device for haemodialysis demonstrates how
to set up a relevant target product profile defining the device requirements and cri-
teria. The framework can be used in the medical device design phase to define spe-
cific questions to be answered during the ensuing clinical development, based upon
five general questions, specified by the question-based framework.

Results: The result is a clear and evaluable overview of requirements and methodolo-
gies to verify and track these requirements in the clinical development phase. Devel-
opment organizations will be guided to the optimal route, also to abandon projects
destined for failure early on to minimize development risks.

Conclusion: The framework could facilitate communication with funding agencies,
regulators and clinicians, while highlighting remaining ‘known unknowns’ that require
answering in the post-market phase after sufficient benefit is established relative to
the risks.
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clinical trials, framework, Medical Device Regulation, medical devices, question-based
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1 | INTRODUCTION

Throughout history, magical curative properties of some medicines
have been advertised that were later found deleterious. This led to
the first legislation that regulated the marketing of these products in
1938: the Federal Food Drug and Cosmetic Act. In later years, this
was followed by further US legislation, specifically defining and regu-
lating high-risk medical devices. In the USA, both medicines and
devices have always been regulated by the Food and Drug Adminis-
tration (FDA), recognizing the strong overlap between medicinal prod-
ucts and devices.! However, it is suggested that 80 000 deaths and
1.7 million injuries were attributed to medical devices in the past
decade, potentially linked to inadequate regulation of those products
and their manufacturers.? In Europe, the development of these regula-
tions went in separate directions and took place much later, with the
EU Active Implantable Medical Device Directive (AIMDD) introduced
in 1990,% and Medical Device Directive (MDD) in 1993.% The direc-
tives outline certain goals, which the devices must meet, and are sub-
sequently selectively integrated into national laws. These goals are
then controlled by national authorities and local notified bodies. This
changed in 2017 with the adoption of the EU Regulation 2017/745
on medical devices, the Medical Device Regulation (MDR)® and the
ending of the transition period in 2021, when all existing European
directives on medical devices were replaced by this single binding law
covering all medical devices in all member states. The conformity
assessments in each EU country should now use similar standards as
set out in the new legislation, which forces manufacturers to change
the development processes that had been used in the past.® The
requirements regarding clinical study design, necessary for devices
considered high-risk, and outcomes during the development are
described only in general terms in Chapter VI of the EU MDR due to
the enormous diversity of medical devices that fall under the regula-
tion. This regulation does place an increased focus on safety and per-
formance, which should benefit patients‘7 Unfortunately, this often
conflicts with the interests of manufacturers as it imposes substantial
hurdles and financial burdens® and ultimately increases costs of
devices, which hinders penetration of certain markets.” However,
these interests should be synergistic as safe and well-performing
devices should also encourage adaptation, thus creating more reve-
nue, while recalls of poorly functioning devices have bankrupted com-
panies.” Efforts exist to bridge this gap, although consistent
structured approaches for such development programmes are scarce.®

The development of new medical devices is in many respects
analogous to new medicines; the device has an assumed mechanism
of action and a designed profile with a potential positive value for
health but may also generate risks. The MDR now requires that these
properties are also formally determined for devices; a much larger
focus has been placed on safety and mapping of side-effects, further
increasing overlap and making the evaluation process more similar to
that used for drugs. The programme of clinical investigations for new
medicines has been well established since 1998 and is supported by

an extensive set of guidelines issued by both the FDA and the
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What is already known about this subject

o The recently introduced European Medical Device Regu-
lation places stricter requirements regarding clinical evi-
dence of high-risk medical devices before market
approval.

e The requirements of clinical study design and develop-
mental outcomes are only described in general terms, and

little guidance and structure are provided.

What this study adds

o A novel framework for clinical development of high-risk
medical devices is proposed, translated from the field of
medicinal drugs.

e This framework can provide structure to medical device
developers and facilitates communication with funding
agencies, regulators and clinicians, although further vali-
dation in an actual development cycle is required to fully

understand this potential.

European Medicines Agency (EMA). This is not the case for medical
devices within the MDR.

A structured approach to the development of clinical trial pro-
grammes would therefore be useful for industry, researchers and reg-
ulators. Now more than ever, the knowledge and expertise from the
field of clinical pharmacology could be valuable in the development of
medical devices due to the aforementioned similarities in challenges.
Conversely, clinical pharmacologists will be increasingly involved in
the development of, for example, products that are combinations of
medicinal molecules and devices. For pharmaceutical drugs, the ICH

10 states succinctly ‘The essence

E8 guideline on clinical developmen
of clinical development is to ask important questions and answer them
with appropriate studies. The primary objectives of any study should
reflect the research questions and be clear and explicitly stated.” The
concept of question-based drug development originated from this
statement?~1* and utilizes a set of five or six generic questions to be
answered during the clinical development of drugs to properly design
the clinical evaluation plan. In this paper, we propose a structural
approach to the development of high-risk medical devices based on
the question-based development method for drugs as a means of
dealing with the clinical MDR requirements. An example of a novel
vascular access device will be utilized to demonstrate the application
of this approach. To support the development of this method for use
in the MDR, a more in-depth section is provided to understand the
background and implications of the new regulation. An overview of
definitions of the terms in italics can be found in the supporting

information.
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1.1 | The Medical Device Regulation

Of patients receiving a specific breast implant in the early 2000s, over
a third showed rupture of at least one of the silicone implants in a
10-year follow-up—far higher than most other breast implants.?® In
retrospect, the material used did not pass biocompatibility tests, pos-
ing significant risks to patients. In 2010, this resulted in a recall of
this medical device legally marketed in the EU.'® Additionally, in
2011, a faulty hip prosthetic was recalled from the European market
after it became apparent metal particles resulting from wear of the
device made their way into surrounding tissue. The revision rate for
this implant was 49% at 6 years, where others were at 12%-15%
after 5 years. In some patients, the implant caused permanent disabil-
ity. Investigation revealed that clinical evidence that should have
shown this before market approval was largely absent.!”

Both these examples of unnecessary suffering demonstrated
shortcomings of the European legislation on medical devices at the
time and contributed to the introduction of a new EU-wide regulation:
On 26 May 2021, the MDR fully replaced MDD and AIMDD in the
EU. An important change introduced by the MDR is the stronger
focus on clinical evidence required to demonstrate the safety and per-
formance of a medical device. The safety of the device must be con-
tinuously monitored after market introduction, in the form of post-
market surveillance and periodic safety and update reports.

The classification of the device (Classes I, lla, Ilb and llI) is an indi-
cation of the risk of the device to patients (Class Ill being the highest
risk) but more importantly determines the assessment route for mar-
ket introduction and thus the level of technical and clinical evidence
required (Table 1). The classification is determined by a set of classifi-
cation rules as part of the MDR (Annex VIII, MDR). When compared
with earlier directives, the MDR also increased the classification
level of specific medical devices to the highest device class such as
devices that are in direct contact with the central nervous system
and the central circulatory system. As a result, an important change
is that the amount and quality of clinical evidence necessary for
market approval have increased. For most devices, the conformity
assessment is required through a notified body. These are bodies
appointed by the relevant national governments of EU member
states for the purpose of assessing conformity of certain products
to applicable legislation prior to receiving CE marking and market
approval.

A benefit-risk analysis and clinical evaluation (MDR Annex XIV,
part A) are integral parts of the base technical documentation of any
medical device. The clinical evaluation must include all the relevant
clinical information needed to demonstrate conformity with the gen-
eral safety and performance requirements of the device that are deter-
mined by the developer, which should ensure suitability for intended
use while remaining safe. In certain cases, clinical evidence is necessary
to demonstrate conformity to these requirements prior to market
approval, and the manufacturer must provide an overview and ratio-
nale of suitability of clinical evidence. Equivalence with prior data can
be used as a means of providing clinical evidence and may mitigate

the necessity of clinical investigations.

As for medicinal drugs,'© clinical evidence from clinical investi-
gations is always required for implantable and Class lll, or high-risk
devices (MDR, art. 61(4)). The exception is when it can be demon-
strated that the drug or device is equivalent to other existing safe
drugs®® or devices (MDR, art. 61(4)). Prior to clinical evaluation or
investigation, developers may consult an expert panel to review
their clinical development strategy. The developer must document
the findings in a clinical evaluation report, included in the technical
documentation. Suitability of this data is evaluated by the notified
body and appointed experts, which in turn prepare a clinical evalu-
ation assessment report. For Class Il implantable devices and Class
Ilb devices intended to administer or remove medicinal products,
the conclusion is transmitted to the European Commission for
additional assessment of the document by an expert panel. When
conformity to the MDR is adequately achieved and the notified
body provides a positive response, a declaration of conformity and
the CE marking are granted, and the device may be marketed in
member states.

The potential necessity of clinical investigations is apparent
from the MDR. However, the structure and goals of the clinical tri-
als and the amount of clinical evidence required to demonstrate
conformity with the general safety and performance requirements
are not clearly defined and left to the developer. As the function
of clinical trials is to show conformity with the general perfor-
mance and safety requirements, these requirements to some extent
dictate what is to be investigated. However, for devices as with
medicines, the design of the clinical trials also plays a part in the
definition of the requirements, as they must be able to provide
certain data (e.g. from biomarkers) with which the requirements
can be objectively verified, are subjected to ethical assessments,
and patients must consent to participation. This interplay can be
complex, but guidance to structure a programme to demonstrate
safety and efficacy, while minimizing risks and costs, is currently
still absent for devices, contrary to medicines. To facilitate develop-
ment, a framework for a structured approach could be beneficial

for developers, regulators and ultimately patients.

1.2 | Clinical development of devices—a proposal
for structure

A structured programme for clinical development serves several func-
tions. Most importantly, the strategic aspects of the development are
made explicit in clear terms that can be approached experimentally. In
listing the ‘known unknowns’ and how these can be dealt with, the
risk of development becomes transparent. Such a structured pro-
gramme is also best suited for expert consultation. The MDR appears
to give only general indications that a device should have proven effi-
cacy and safety as could be determined in a confirmatory Phase Il
trial for a medicine. The reality is more complex in practice, because
neither for a medicine nor for a device can such a trial be performed
without preliminary studies that should logically lead to this confirma-
tion in Phase Ill. The MDR provides little guidance about what to
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TABLE 1

Classification and main
characteristics

Class |

For example, non-invasive
or short-term invasive
under direct control of
the operator

Class lla

Active and non-invasive or
non-active but in contact
with bodily fluids

Class lIb

Active and invasive devices
or invasive devices that
cause a direct hazard
during malfunction
(Annex VIII, rule 12)

Class Il

Implants and invasive
devices in contact with
vital anatomies

Examples of
medical devices

Surgical gloves
Bandages
Wheelchair
Scalpel blades
Examination
lamps
Surgical
instruments

Needles
Syringes

ECG

MRI scanner
Hearing aid
Contact lenses

Devices involving
ionizing
radiation

Vascular closure
devices

Dialysis system

Ventilator

Infusion pump

IC monitoring
software

Vascular grafts
and stents

Neuroendoscopes
Cardiovascular
catheters
Prosthetic heart
valves
Intra-aortic
balloon pump
Breast implants
Joint
replacements
Drug-eluting
stents

Conformity assessment
route (see art. 52)

Conformity assessment by
manufacturer

(by notified body in specific
cases, sterility etc.)

Chapters | and lll of Annex IX,
assessment of technical
documentation

By notified body

Chapters | and lll of Annex IX,
assessment of technical
documentation (Chapter I,
part (4), Annex IX)

(alternatively, annex X
coupled with annex XI for
implantables)

By notified body

Annex IX, assessment of
technical documentation
(alternatively, annex X
coupled with Annex Xl)

By notified body

Documentation
requirements

Base technical documentation
(includes PMCF)

Base technical documentation
+ PSUR every 2 years

Base technical

documentation + PSUR every
2 years, or every year for
implantables

Base technical
documentation + yearly PSUR

Note: Further explanation of the terminology in italics can be found in the supporting information S1.
Abbreviations: PMCF, post-marketing clinical follow-up; PSUR, periodic safety update report.
2Unless necessary for the general safety and performance requirements (to be determined by the manufacturer).
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Overview of medical device classification of the Medical Device Regulation (MDR) and the conformity assessment route.

Clinical trials required

No®

No?®

Yes for implants (see
exceptions art. 52(4)),
otherwise no?

Optional expert consultation
prior for devices associated
with medicinal products
(Annex VIII, rule 12)

Yes with optional expert
consultation prior through
notified body

(see exceptions art. 61(4))

do. In this section, we attempt to provide further structure to this pro-
gramme of studies.

The importance of defining proper questions and studies can, for
example, be highlighted by the recent introduction of an aspiration-
thrombectomy catheter in the US market.'® During the clinical study,
the researchers focused primarily on the difference in ventricular
diameters in a broad target population and found positive results.
However, if they had focused more on clinical outcomes, such as risk
of death or better functional status, while enrolling participants from a
more accurate target population, the results may have differed signifi-
cantly and changed the course of development. Unfortunately, only
after numerous patients had already been treated with this device, did

it became apparent that this expensive treatment offered no clinical

benefit. A more structured and properly defined clinical evaluation
plan can lead manufacturers to abandonment of a project at a much
earlier stage and save a lot on investments into a product destined for
failure.

The system of question-based drug development proposed for
drugs is based upon the classification of questions to be answered
about the product under certain headings.>* This system provides a
clear and evaluable overview of the ‘known unknowns’ of the product
and the methodology to resolve these. Unresolved questions obvi-
ously determine the development risk of the product and the system
can be used for modelling the financial value of a product using real
options decision techniques.'* Due to the increased focus on the

demonstration of safety through clinical evidence in the MDR, this
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framework can now also pose a solution for the development of high-
risk medical devices, similarly to how it is used in the development of
medicines. The question-based approach is preceded by an analysis of

the target product profile (TPP).

2 | METHODS

21 | Determination of a TPP

According to the World Health Organization (WHO), TTPs ‘aim to
inform product developers, regulatory agencies, procurement agen-
cies and funders on R&D and public health priorities. They describe
(1) the preferred and (2) the minimally acceptable profiles for vaccines,
therapeutics, diagnostics or medical devices criteria. They also provide
information for funders and developers on the performance and oper-
ational characteristics expected of products if they are to meet
WHO's needs.’*?

When used in drug development, the purpose of a TPP is to
clearly define what the product should accomplish in a fixed docu-
ment that clearly defines a desired state and the minimally accepted
profile. Preferably, the document is supported by literature, research,
properties of competing products and above all by the requirements
of the patient. At the same time, it facilitates communication between
developers and regulators; it provides structure and clarifies the goals
and expectations in the drug development process, as well as the type
of clinical studies and endpoints necessary.2° In general, a TPP spec-
ifies the medical need by including the current state of the art,
includes a section on efficacy and safety and can be constructed anal-
ogous to the structure for medicines as suggested by Tansey.?! The
MDR states that a set of general performance and safety require-
ments must be set for a device to ensure the clinical condition or
safety of patients is not compromised. When such a guarantee is not
possible, these risks must be minimized. Thus, these are the minimum
requirements a device must meet in order to be safe and of benefit,
analogous to a minimally accepted profile in a drug TPP. By defining a
desired ‘target’ state with a number of criteria, design choices can be
made to most closely approximate this state. Determining these ele-
ments in this fashion forces the manufacturer to consider scientific
reasoning for these measures alongside measures that can be objec-
tively evaluated. Thus, the elements of the TPP can already summarize
what is necessary to achieve a marketable product that is of benefit
to patients. It should be set up prior to the design stage as it defines
how the device is to perform, while forming the basis of the technical
documentation for the MDR at an early stage. As such, defining such
a profile should also be of benefit in the development of medical
devices. However, it must be noted that the TPP is a living document
that is to be updated as more information becomes available through-
out the development cycle for example after conducting pre-clinical
studies or other treatments or devices enter the market.

The content of the TPP is dependent on the type of product and
its intended use, but a medical device in the EU should usually at least

cover the points shown in Table 2 to be considered safe and of clinical

TABLE 2 Suggested topics for a target product profile of a
medical device (Tansey?! and MDR Annex ).

Intended markets
Target price
Development costs

Commercial

Technical/engineering (MDR
Annex |, Chapter 2)

Biological properties

Robustness

Technical safety

Manufacturing

Contamination

If active: supply and
transmission of energy

Medical (MDR Annex |, Chapter 2) - Patient indication
Target population: age,
gender, etc.

Safety

Efficacy

Adverse events

Patentability
Competitor interference

Intellectual property

Patient - Outcomes
perspective - Cost of treatment
- Quality of life

benefit (see Tansey?! and MDR Annex ). The TPP can highlight not
only which targets will require clinical data to be verified, but also
those which can be verified non-clinically or pre-clinically. For exam-
ple, certain targets may be studied and verified through in vitro stud-
ies, animal studies, in silico modelling and simulation or meta-
analytical approaches (e.g. literature review), which could help avoid
costly and slow clinical studies. At the start of clinical development of
a high-risk device, the TTP should be updated with all non- and pre-
clinical data, and only targets requiring clinical data should remain.
The clinical programme has to be supported by, for example, adequate
studies of mechanical properties of the device, toxicology or model
studies in phantoms or animals. Clinical trial simulations should also
be considered as a tool for the optimization of clinical trial design and
evaluation of the potential effect of interindividual variability. In this
paper, we concentrate on structuring the clinical development pro-
gramme in terms of the development risks, and often, high costs of
clinical trials make properly designing these trials to optimally verify

the targets crucial.

2.2 | Design of a question-based clinical evaluation
programme

The TPP includes verification methods of the targets. Thus, prior to
the design stage, a development plan must also be determined for the
evaluation of the device. In the case of high-risk devices, clinical inves-
tigations must form an integral part of this plan and logically should
provide objective data demonstrating safety and performance accord-
ing to the MDR. For drugs, the question-based model of clinical
development!*™'* has been developed in which important questions
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are asked and answered with appropriate studies to demonstrate
safety and clinical benefit. Technical stability of the product is a pre-
requisite leading to a set of specific questions that is generated based
on a predefined set of five or six generic questions, as shown in
Cohen et al.¥* When combining this system with a TPP, answering the
questions should also provide data on remaining, unanswered TPP
targets that call for clinical data. Together with the TPP, the questions
can be identified at an early stage to provide insight into the informa-
tion that needs to be collected.?> When the appropriate questions
have been defined, answering all of these should determine if the ben-
efits outweigh the risks. To enable objective assessment, effective
and measurable clinical endpoints and minimally accepted values must
be determined prior to commencing the studies. The endpoints dic-
tate which biomarkers need to be measured, while the availability and
qualification of biomarkers guide endpoint selection.?® The endpoints
translate to TPP targets; thus, the TPP dictates the methodology and
vice-versa.

Depending on the situation, one question may be answered with
multiple studies, but one study can also answer multiple questions. In
many cases, it can be wise to maximize the amount of data generated
to answer as many questions as possible, bearing in mind the possible
biomarkers and potential interactions between them. The system of
question-based development then assumes that estimates of costs
and probability of success can be made from either expert opinions or
historical data.'® These studies are implemented in a real options deci-
sion tree, and after each study, a decision between abandonment and
continuation is taken. When a study is successful, value will have been
added to the project. When not successful, losses will have been mini-

.1 Developmental risks

mized, which limits the risk of developmen
are made apparent and can be managed by determining the optimal
sequence of studies that minimizes losses when results are not
favourable. This will vary for each device and is dependent on the
risks and costs of the studies necessary.>*® The highest risk ques-
tions should receive focus at an early stage to abandon drugs that will
not be successful as quickly as possible to minimize losses. This opti-
mal sequence can guide the development strategy in which risks and
associated costs are minimized, while making the central issue in drug
development explicit rather than implicit; whether all relevant ques-
tions have been asked and answered adequately to demonstrate
safety and performance can then be objectively assessed.*®

With the introduction of the MDR, necessitating more clinical evi-
dence, the need for a well-defined and structured clinical evaluation
programme has become more evident. Due to the increased parallels
between devices and drugs, as well as the lack of guidance, the
guestion-based approach can now also pose as a framework for the
clinical evaluation plan for high-risk devices imposed by the MDR.
Implementing this framework prior to the design stage and through-
out development should maintain a focus on devices being safe and
of clinical benefit in the relevant context. In the case of Class Ill and
Class Ilb devices intended to administer or remove medicinal prod-

ucts, this clinical development plan may be shared with an expert

panel through the notified body for evaluation, prior to commencing
the clinical development (art. 61(2)). In other cases, the notified body
is not legally obliged to provide such feedback. Thus, success is
dependent on the knowledge and expertise of the developers in
which a structured approach is thought to be beneficial. Figure 1
shows a diagram of the question-based framework adapted for high-

risk medical devices.

2.3 | Post-market surveillance to answer remaining
unknowns (as Phase IV studies)

At the end of the clinical investigations for MDR conformity, a num-
ber of unknowns, or risks that have not yet been fully quantified such
as unexpected complications, will be apparent to the manufacturer.
These will most likely remain a ‘known unknown’. More challenges
arise when very small patient populations or rare diseases are
involved, which pose similar challenges for devices as seen in the
development of drugs: low statistical power, difficulty in patient
recruitment and lack of randomized control trials. As such, it would
make sense to utilize the same approaches as recommended in the
EMA guidelines for such cases.?* There has to be a transparent plan
for monitoring any long-term complications, and the situation is analo-
gous to the risk management plans as outlined in the EMA pharma-
covigilance guidance.?> However, this is outside the scope of this
paper.

When sufficient clinical data have been collected to clearly dem-
onstrate the potential benefit of the use of the device outweighing
the risks, these risks may be considered acceptable. There is a likeli-
hood that new and unexpected long-term complications occur, and
these will generate an unknown risk that can only be monitored. The
MDR requires manufacturers to conduct post-market clinical follow-up
and provide a plan to proactively monitor safety and efficacy prior to
market approval from the notified body. For Class lla, IIb and llI
devices, periodic safety and update reports must be shared in order to
continuously monitor these unknown risks and update the risk-
benefit analysis accordingly. For devices, such long-term effects may
be more important than for medicines and require long-term monitor-
ing through registries.2%%”

Clearly, spontaneous reporting of adverse events that coincide
with the use of a device requires evaluation of causality to interpret
them as side effects. The associated problems are evident but not dif-
ferent for devices, medicines or food, and this discussion is beyond

the scope of this paper.

3 | RESULTS

Figure 2 shows a generalized flowchart of the process from detection
of a clinical need to application to a notified body and market approval

as described in the previous sections.
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Generic Questions

Can the device be implanted?

Does the device reach

issue?
the site of action? targettissues

the relevant environment?

Doe's the‘ d(:’:wce Is motion impaired/enabled?
gelevsClntenced Is a drug released appropriately?
Srectsy g pprop! y

Are costs reduced?

What are the off-target effects?

Does the device cause unintended tissue

Are there adverse
Hects? damage?
Are there long-term effects?
~ Are toxins found in the body?
FIGURE 1

Specific Questions (examples)

Do signals from the device reach the

Can the device be operated by a user in

Is flow of a liquid enabled/blocked?

B
BEFTESL.

Clinical Trial Design and Qualification

Central questions in study design
What do | want to measure?
(endpoint)
How do | want to measure this?
(biomarker)
Is the biomarker suitable for the
intended use? (qualification)
Does the endpoint show promise in
the patient population? (qualification)
Does the endpoint provide additional
value in clinical trials? (qualification)

Determine Qualification Determine
biomarkers endpoints

Fit-for-purpose
clinical studies

Structure of a question-based development plan of a high-risk medical device, showing how generic questions give rise to specific

questions for a device in question. These specific questions are to be answered through clinical studies. The design of the clinical studies is
determined based on the endpoints to be measured and the available biomarkers. The biomarkers need to be suitable and qualified for the
intended purpose. All questions are answered in a certain population with regard to, for example, age, genetics and genomics, and the methods to
stratify the population (especially genomic or biochemical methods) also require validation and fit-to-purpose qualification. Adapted from Cohen

et al.'* and Kruizinga et al.?® with permission.

3.1 | Practical example: a Class lll novel vascular
access device

Medical device manufacturers are developing a novel implantable
device for haemodialysis patients that can open and close a tubular
anastomosis between a vein and artery, shown in Figure 3, and con-
sider this as Class lll. This example does not cover Class Ilb devices,
but the regulations and requirements are similar, that is, technical doc-
umentation including the same elements and clinical evidence demon-
strating performance and safety, as well as a post-market clinical
follow-up plan. The practical execution of clinical evidence generation
therefore follows the same general approach from definition of tar-
gets and questions, to the evaluation thereof. A major difference is
that not all clinical development plans of Class IIb devices may receive
an expert consultation through the notified body. This absence
emphasizes even more the need for a well-structured approach. The

case presented is based upon ongoing development work by our

departments and serves for illustration only. Supporting
information S2 includes more explanatory images showing part of the
development process.

Haemodialysis is performed by taking blood from the body, filter-
ing it in an external dialysis machine and then returning the clean
blood to the body. For this, a vascular access site is necessary in which
the circulation can easily be accessed, and a high flow of blood is pre-
sent. These patients usually receive an arteriovenous fistula in the
arm, in which a vein is ligated on one side and connected to an adja-
cent artery. The pressure drop between the vein and artery stimulates
a large increase in flow through these vessels, enabling dialysis. This
high flow is usually also very turbulent and is present all the time.
Patients very frequently suffer from complications related to the fis-
tula, most of which can be attributed to this constantly present high
and turbulent flow. However, patients rarely require dialysis more
than 12 h a week. The manufacturers aim to develop a device that

can open and close this fistula to enable control of the high and
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Legend
-3 Required step
Reiteration
> when necessary
w
Go/No-Go

Go/No-Go
after each
clinical study

=2
[ H e

FIGURE 2 Flowchart illustrating the generalized process from the detection of a clinical need for a high-risk medical device to the application
to a notified body utilizing the target product profile (TPP) and question-based development method as described in this paper for the Medical
Device Regulation (MDR). PMCF, post-market clinical follow-up. *The MDR allows developers to request an expert consultation for their clinical
development plan through the notified body in the development of Class lIb devices intended to administer and/or remove a medicinal product
and Class Ill devices (MDR, art. 61(2)).

—

(A) (B) P

|

FIGURE 3 Conceptual depiction of a novel implantable device for haemodialysis that can open and close a tubular anastomosis placed
between a vein and an artery to control the flow through these vessels. This device is considered a Class lll device under the European Medical
Device Regulation. (A) The anastomosis is closed and the circulation is normal; (B) the anastomosis is opened and the flow is increased to enable
haemodialysis.
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turbulent flow between the artery and vein being connected. The
researchers argue that by removing the high anastomotic flow outside
of dialysis sessions, complications related to the presence of the fis-
tula, such as stenosis and thrombosis, should decrease greatly, while
dialysis remains possible when opening the fistula. However, as such
an implant will likely have moving components that interact with their
surroundings, complex energy transmissions can be expected between

tissues and implant components.

3.2 | TPP and pre-clinical studies

First, relevant specific questions are raised, based on the main cat-
egory question-based development questions. These questions are
translated to TPP targets, and the TPP is amended with elements
that have been identified from the relevant parts of Annex | of the
MDR, cross-referenced with the TPP components as described by
Tansey?! (Table 2). A number of example targets are shown in
Table 3. The developers consider these target requirements for this
device to be safe and of added value. The minimal viability require-
ments form the design requirements of the device, and the catego-
ries ‘technical’, ‘medical’ and ‘patient perspective’ translate to the
general performance and safety requirements as specified by the
MDR. The target measures translate to design criteria aimed at
guiding the manufacturers in design choices. Moreover, these tar-
gets may result in more design-specific requirements, for example
relating to maximum dimensions and force transmissions, and often
need to be verified prior to commencing clinical studies. These
must also be included in the technical documentation in the appli-
cation to the notified body.

Figure 4 shows the interaction between the question-based
scheme, TPP and pre-clinical studies in the haemodialysis device
example. By preceding the TPP with the question-based scheme,
the questions form the basis of the non- and pre-clinical study
design. However, targets are not always easy to properly define
at an early stage and may change depending on the outcomes
of studies. Clinical expertise is crucial in translating readouts to
clinical use cases, indications and risks in this learning process,
and they can be fed back into the question-based scheme
and TPP. Hereafter, performance and safety of amended targets
and questions will require confirming. If confirmation fails, discon-
tinuation may be necessary. Defining questions and seeking
preliminary answers in a non-clinical setting resulted in the
revision of the TPP of the haemodialysis device throughout the
development. This has been further elaborated in the supporting

information S2.

3.3 | The question-based clinical development plan
The remaining targets that cannot be fully verified during pre-clinical
studies require clinical evaluation. Table 4 shows an example of a

question-based plan for the development of the vascular access

device from Table 3. The clinical development roadmap can be deter-
mined analogously to the method described in de Visser et al.'! The
data collected by answering these questions should then further
supplement the example TPP from Table 3 to the point of either
(near) completion or abandonment. As demonstrated, a main
category question is associated with one or a number of TPP targets
described previously, and conducting these studies will thus amend
the TPP further. The parallels with clinical development of drugs
allow valuation and determination of the optimal clinical study
sequence similarly to the method described by de Visser et al.'? in
which estimates of costs are determined through historical data and
experts, for example from clinical pharmacologists. Similarly, a go/no-
go decision point including a detailed benefit/risk analysis follows
each clinical study.

The targets that remain after completing the clinical develop-
ment plan are the ‘known unknowns’. Additionally, some questions
and targets may not be fully answered and merely have an initial esti-
mate. For example, if 90% of devices remain functional after 2 years,
it is likely that >50% will be functional after 3 years. However, the
clinical data can already be adequate to show sufficient benefit over
the risks to be considered a viable option to patients to allow market
approval.

Upon completion of the clinical investigations, the TPP and
question-based development process can form the basis of the tech-
nical documentation required by the MDR for application for approval
at a notified body. The TPP clarifies the general performance and
safety requirements set, and the values found, while the question-
based plan clarifies the clinical development steps taken to facilitate
objective assessment of the data and decisions made. The final, critical
step is a benefit-risk analysis showing that the benefits of using the
device outweigh the risks and the device is safe for use. This can be

an integration of all TPP values found during development.

34 | Key learnings
Applying this framework to the vascular access device at an early

stage provided several learnings to the manufacturers:

- The question-based framework forced the developers to focus on
the greater context with a stronger focus on clinical benefit and
safety, and set up TPP targets focused on clinical endpoints rather
than technical requirements. Technical requirements to achieve
these outcomes could be drafted subsequently.

- As an example, utilizing the question-based framework, it became
evident that there were uncertainties regarding the concept of
intermittently adjusting a fistula and how vessels would respond.
Asking this question early on resulted in the rapid development of a
cheap device that was intended to assess a fundamental develop-
mental question in a chronic animal model rather than an end prod-
uct. Conducting such a study to collect this information earlier than
planned prevented time-consuming and costly prototyping when it

was unclear if the concept was feasible.
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Question-Based Development scheme
Novel 1.  Site of action: Can the device be implanted?
2. Intended effects: Can the device intermittently close the AVF so

vascular R R

access l:> flow is 0 mL/min?

) 3. Beneficial outcomes: Does the device reduce vascular access
device -
complications?

tissue?

4.  Off-target effects: How do moving components interact with

Legend

Critical
development step

Optional step

z

dependent on
targets

la. Maximum dimensions (d = 30 mm, h = 10 mm)

2a. Sufficient force to close AVF (10 N)

3b. Increased patency in human (10% higher patency)
After first study iteration:

4a. Maximum displacement (3 mm)

4b. Maximum rotation (15 deg_)

Target Product Profile — Target values
1b. Implantable in humans (Y/N in 80% dialysis patients)

2b. Functionality after implantation (functional in 90% after 11 years) ‘ EmEEEy
3a. Increased patency in animal model (10% higher patency)

Example pre-clinical

# development path for

vascular access device

Reiteration of pre-

[ B > clinical phase

when necessary

]

] Emphasis in pre-clinical testing
u categories for example device
]

Largest emphasis

User testing

Acute animal
testing

Bench
testing [2a]

Simulated
use testing

Tissue
testing

Human
cadaver testing
[1a]

Pre-clinical testing

Chronic animal
testing
[2b, 33, 43, 4b]

Amend TPP if
necessary: -
[3a, 43, 4b] I:l

Smallest emphasis

A =

Pre-clinical targets/
questions remaining?

w b

Clinical Question-based
targets: clinical development
[1b, 2b, 3b] plan

FIGURE 4 Clinical development framework for the novel vascular access device synthesized from the results of the question-based

development scheme. The pre-clinical testing scheme has been adapted from Yock et a

.28 The black line indicates where the main emphasis lies

in the pre-clinical testing used to demonstrate the safety and performance of the vascular access device. The numbers in brackets refer to the
targets assessed at each study category. The shade of the category box indicates how resource intensive each category is for this example. AVF,

arteriovenous fistula.

- Additionally, the question-based framework revealed uncertainties
relating to the interaction of moving components with surrounding
tissue, which could also be assessed in this initial chronic animal
study. Findings could be incorporated into the TPP (Figure 4). It was
also a starting point of a broader research area of moving implant-
able devices to be studied in the future.

- Amending the TPP with targets relating to management of fibrosis
around moving components in this stage changed the design of the
device to accommodate these essential requirements early on
rather than after a larger and later study. Paired with the initial con-
firmation of functionality potentially reduces total development
time and costs.

- It clarifies the current achievements and necessary milestones to
reach the market, for example clinical trials and endpoints
(Figure 4). This provided a clear and evaluable step-by-step over-
view that supports greater planning, both useful for the developers
and appreciated by investors. In our case, the clear development
plan has led to financial support for the manufacturer to develop

the device further.

4 | DISCUSSION

In this paper, we have presented a structured generic approach for
the design and subsequent performance of a clinical development
programme for medical devices. The vascular access device case was
used to gain practical insights into the relation between the question-
based framework and the TPP. The definition of questions at an early
stage showed that many unknowns were present, and a proper TPP
could not be created without in vivo data. These data were conse-
quently collected at an earlier stage than initially planned with a pro-
totype that was not intended to function perfectly. Not only did it
show that the concept was feasible, but also much more insight into
the biological responses and interaction between moving components
and tissue was gained which helped guide further development. Each
study aimed to provide initial answers, and estimate uncertainties and
potential risks, which could amend the question-based scheme and
TPP. This process should always precede continuation of studies, as
amendments could require assessment in subsequent (clinical) studies,

changing the development plan. As development progresses, results
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TABLE 4 Simplified example of the question-based framework for a novel implantable vascular access device illustrating how generic
questions are used for the generation of specific questions relating to the TPP targets and how the methodology could originate from here.

The specific questions

Does the device reach
the site of action?

Does the device achieve
its intended effects?

generated here can to
some extent be assessed
prior to clinical studies.
However, clinical
verification remains
necessary due to
differences between (e.g.
animal or cadaver)
models and the actual
working environment.

These questions usually

relate to the main
working principle of the
device. Again pre- and
non-clinical evaluation
can provide a lot of
preliminary data that can
be used for optimization,
but models can never
completely mimic the
real working
environment so
verification is required.
Moreover, clinical trial
design and evaluation of
the potential effect of
interindividual variability
may be optimized
through, e.g., in silico
methods.

In most cases these

questions should
primarily focus on the
clinical outcomes in
general terms. Selection
of correct biomarker(s)
and endpoint(s) is crucial
and rarely
straightforward, and
multiple studies may be
necessary.

he aim of target

population studies is to
gain insight into the
patient populations in
which benefits can
outweigh the risks. This
includes analysis of
eligibility (e.g.
anatomical), but also of
contraindications in
which risk is increased.
These studies may be
combined with off-target
effect studies.

Studies of small

populations or rare
diseases are very
challenging and

Can the device be
implanted as a fistula in
the arm as intended?

Does the device stay in
the correct location?

Can the vascular access be
adequately controlled
non-invasively the
operator?

Can the device control the
flow of blood to
0 mL/min and at least
600 mL/min with the
correct user input?

Does the device improve
vascular access
outcomes in
haemodialysis patients?

Age, gender, BMI,
indications and
contraindications?

How to determine for
which patients this is
acceptable?

For which patients are the
on-target effects (not)
likely?

Pain score does not
exceed 3 on the numeric
pain rating score

Open non-blinded study
with descriptive statistics
only

Anastomotic flow
>600 mL/min when
open

Anastomotic flow

0 mL/min when closed

1-year vascular access
patency rate remains at
least the same

- Quality of life of
haemodialysis patients
remains at least the same

- At least 50% of dialysis
patients eligible

Clinical pilot in which the
device is implanted into
a small number of
patients requiring
haemodialysis. Follow-up
of several months to
verify the device remains
operable with the
correct user input during
this period and pain is
acceptable.

Single-centre study in
which the device is
implanted into a larger
number of patients. On a
regular interval, these
patients will receive
echography with duplex
measurement to
determine the
anastomotic flow in
different positions.

A large cohort multi-centre
study in which the
device is implanted into
various patients with
different indications.
Follow-up of 12 months
in which quality of life
and vascular access
patency is recorded and
compared to traditional
fistula patients.

A multi-centre study in
which is recorded
whether clinicians
consider haemodialysis
patients eligible to
receive the device.
When patients agree and
have the device
implanted, patient
characteristics are
recorded together with
patency,
rehospitalization, quality
of life, etc. Correlations
between characteristics
and outcomes are
analysed.
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methodology must often
be adapted.

These studies should
generally focus on
quantifying expected
adverse events but also
on monitoring
unexpected adverse
events. However,
unexpected adverse
events, such as
mechanical deterioration
of the device, can take
several years in certain
cases. It can, however,
be difficult to assess all
these (potentially
infrequent) events, in the
pre-market phase for
such long periods if
benefits are shown to
outweigh risks.
‘Unknown unknowns’
are likely to remain and
must be monitored in
the post-market phase,
for which good systems
and methodologies must
be set up.

Are there off-target

effects? effects?

effects?

What are the off-target

Are there long-term

How are moving
components in the 20%
device influenced by
fibrosis formation?

- Device outlives at least
50% of HD patients,
functional after 3 years

- Rehospitalization rate
decreased by at least

A large cohort multi-centre
study in which the
device is implanted into
various patients. Follow-
up of several years in
which device
functionality, adverse
events and
rehospitalization are
recorded and compared
to traditional fistula
patients.

Note: Generally applicable considerations for each generic question are provided.

and uncertainties from detailed benefit-risk analyses or safety and
performance monitoring may similarly be incorporated into the devel-
opment plan and addressed in following studies or post-market sur-
veillance where necessary.

This question-based approach is analogous to the development of
medicinal substances. Both medicines and devices are heterogeneous,
cover a wide range of indications and have varied concerns regarding
efficacy and safety. This would suggest that a generic approach is
impossible, and all plans will be on a case-by-case basis. Although the
clinical development will have widely varying aims and methodology,
our case study showed that it can still be represented in a structured
manner that transparently displays the considerations that form the
basis of a clinical research programme. Such programmes must be
assessed by companies, researchers, ethics committees, regulators
and even investors, and all would benefit from a generally accepted
structure to facilitate communication and quantification. When the
clinical programme is completed, the results can also be evaluated
against this programme, improving the review process by standardiz-
ing it. Additionally, the structured approach highlights validation defi-
cits in measures used to answer the questions. Finally, unanswered
questions define the development and commercial risks of a device.

Analogies between clinical pharmacology and clinical develop-
ment of high-risk medical devices have been made clear. However,

some differences remain, the biggest being the ability to modify a

device more easily than a molecule. Therefore, the possibility of rede-
sign as a method to circumvent problems that occur in the course of
the development has to be a more prominent part of the planning and
the evaluation. The question-based framework is aimed at optimizing
the clinical development path, one result of which is early abandon-
ment of unsuccessful drugs. However, this is more easily avoided in
devices; devices are often more easily redesigned than drugs because
of their modularity, and ‘modification’ of one of its components may
be an option. In drugs, often a project may need to be abandoned
because a small failure requires modification of the complete molecule
which can be a very costly process. When significant changes to the
device are necessary, it may be required to change the TPP and/or
redo the studies previously conducted, but when these are minor, the
failed study can be repeated while preserving the validity of results
previously obtained through equivalency. Not only does this diminish
some of the associated development risk, it also reduces the need for
abandonment and the time-to-market of the device. In the case of
modification at a decision point, an estimate of redesign costs should
be made, along with re-evaluation of risks and costs in the following
studies to verify the development plan is still optimal.

Finally, the general performance and safety requirements from
Annex | of the MDR focus primarily on the demonstration that the
device functions as expected and is safe. The benefit-risk analysis

must show that the risks have been minimized and are acceptable
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with regard to the intended use, taking into account the relevant state
of the art. However, the MDR has no hard requirements relating to
beneficial clinical outcomes—as long as the risks are low—while the
adaptation of novel medical devices in the clinic does for a large part
depend on efficacy relative to the current standard of care; clinicians
and healthcare payers will be reluctant to adapt novel devices without
proven benefit to patients. The framework currently proposed is
focused on the clinical assessment according to the MDR. The exact
assessment route and clinical requirements may vary per regulator
(e.g. FDA, Medicines and Healthcare products Regulatory Agency
[MHRA], Pharmaceuticals and Medical Devices Agency [PMDA])
which can be reflected in differences in the TTP. However, safety and
clinical benefit are essential in the widespread adaptation of medical
devices. The framework proposed here forces the developer to place
a greater focus on the patient and clinical outcomes in the develop-
ment plan. As a result, more appropriate care should reach patients,
and adapting this approach should then logically also be of greater
value to the manufacturer, potentially reaching further than just
the EU.

4.1 | Limitations and future work

The development of all medical interventions is usually iterative,
highly complex and dynamic.!? A structured question-based pro-
gramme has been used in drug development in many forms and shown
to be useful although no consensus has been reached on how this
should be applied in a harmonized manner. Similar to the MDR, this is
left to the manufacturer. Moreover, as the MDR has only recently
come into effect, experience with the clinical evaluation with respect
to the new regulations is limited. The framework described here aims
to guide medical device developers in the development process. It has
been tested extensively in the field of drug development, but it has
not yet been utilized sufficiently for devices, so it awaits application in
a wider practice. The developmental results obtained depend largely
on assumptions made,'* which will be less accurate for devices than
drugs because of this lack of experience. Thus, even more caution is
required when interpreting and defining the optimal development
path. The field of devices is ever diversifying* without centralized con-
trolling agencies, so we believe that this calls even more for a struc-
tured approach. A review of the limitations and gaps in current clinical
protocol designs for high-risk medical devices should be conducted
that should be carefully considered or modified given the new regula-
tion. This should offer clear insight into the issues medical device eval-
uation faces. It will become evident if the proposed implementation
offers a more efficient approach and whether the generic questions
suffice to ensure effective compliance with the MDR.

Currently, it cannot be claimed that our approach is effective as
this would require some sort of control situation for comparison. To
do this would require at least a fully completed development pro-
gramme, but that could only be evaluated in hindsight. The approach
described could improve the development process of medical devices

by both focusing on performance and safety and reducing

development time and costs. It was valuable in the non-clinical devel-
opment of the example device provided and helped focus attention
on important safety and performance endpoints in the clinical stages.
However, at the time of writing, non-clinical investigations are still
ongoing. The approach has not been formally evaluated, and a formal
evaluation of the clinical development stage will likewise not be
straightforward due to the long development timelines and the large
differences between innovation projects. It remains a proposal and

should be interpreted as such.

5 | CONCLUSION

The question-based framework for medical device development pro-
posed in this paper can support developers starting from the initial
device design stage in overcoming the obstacles and ambiguity of clin-
ical development presented by the newly introduced MDR. The
framework could guide manufacturers in setting up the clinical devel-
opment plan, but it also potentially has the added benefits of showing
clear relations between design and validation steps and thus may con-
tribute to the ‘learn and confirm’ cycle that forms the basis of any

t.2? This can assist further research into the

intervention developmen
adequacy of the development process and help to responsibly dismiss
risky technology at an early stage and introducing effective innova-
tions more quickly with lower costs. Our proposal has not been for-

mally evaluated, and this can only be done when put into practice.
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