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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The procedures used to develop this document and e intended for i Irther maintenance are
descrfbed in the ISO/IEC Directives, Part 1. In particular the different approval criterian¢eded for the
e nce with the

he subject of
rights. ISO shall not be held responsible for identifying any or all such patent rights. Details of
any pptent rights identified during the development of the document will be'in the Introdyction and/or
on the ISO list of patent declarations received (see www.iso.org/patents}:

Any tfade name used in this document is information given for the convenience of users pnd does not
constjtute an endorsement.

For ajn explanation on the voluntary nature of standards;‘the meaning of ISO specific terms and
expregssions related to conformity assessment, as well as information about ISO's adhdgrence to the
World Trade Organization (WTO) principles in the Techhiical Barriers to Trade (TBT) see the following
URL: www.iso.org/iso/foreword.html.

This glocument was prepared by ISO/TC 150, plants for surgery, Subcommittee SC 2, Cardiovascular
implants and extracorporeal systems.
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Introduction

No heart valve repair device is ideal. Therefore, a group of engineers, scientists, and clinicians, experts
well aware of the problems associated with heart valve repair devices and their development, has
prepared this document. This document specifies types of tests, test methods, and requirements for
test apparatus. It requires documentation of test methods and results. This document deals with those
areas that will ensure adequate mitigation of device-associated risks for patients and other users of
the device, facilitate quality assurance, aid the heart team in choosing a heart valve repair device, and
ensure that the device will be provided in a convenient and usable form. This document emphasizes
the need to specify and report types of in vitro testing, preclinical in vivo and clinical evaluations. It
describes thelabels-and-packasingofthe-device—Such-aprocessHinveolvinginvitropreehniealn vivo
and clinical ¢valuations is intended to clarify the requirements prior to market release and tegnable
prompt identification and management of any subsequent problems.

With regard fo in vitro testing and reporting, apart from basic material testing for mechanical, physical,
chemical angl biocompatibility characteristics, this document also covers important functiondl and
durability characteristics of heart valve repair devices and their accessories. This document dog¢s not
specify exacf test methods for functional and durability testing but it offers-guidelines for the test
apparatus.

This documgnt should be revised, updated, and amended as knowledgeand techniques in heart|valve
repair devic¢ technology improve.
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Cardiovascular implants and extracorporeal systems —
Cardiac valve repair devices
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ent anatomy (e.g. ventricle, coronary sinus).

This document outlines an approach for verifying/validating the design ‘ahd man
valve repair system through risk management. The selection of approprjdte verificatic
hnd methods are derived from the risk assessment. The tests include assessments off
cal, biological, and mechanical properties of components and materials of heart

valve repair system to assess the safety and effectiveness of thedigart valve repair syst

For the purposes of this document, effectiveness endpointincludes clinical performanc

This document defines operational conditions and performance requirements fof
[ systems where adequate scientific and/or clinical €vidence exists for their justificati

This document excludes Cardiac Resynchronization Therapy (CRT) devices,
be closure devices, systems that do not leave an implant in place (e.g. ablation, rad
plasty), apical conduits and devices with components containing viable cells. This §
es materials not intended for repaiting and/or improving the function of human
ling to its intended use (e.g. patch'material and sutures used in general surgical pract

A rationale for the provisidns ‘of this document is given in Annex A.

ormative references

bllowing documents are referred to in the text in such a way that some or all of
jtutes requirements of this document. For dated references, only the edition cited
ed references, the latest edition of the referenced document (including any amendmg

0993-1,Biological evaluation of medical devices — Part 1: Evaluation and testing
jement-process

[SO1

prove the function of native human heart valves by acting either on the valve appatajus or on the

ifacture of a
n/validation
the physical,
valve repair
the finished
em.

b and benefits.

heart valve
n.

paravalvular
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their content
applies. For
ents) applies.

within a risk

09973-2 Rinlngirnl evaluation nfmpdi/‘nl devices — Part 2: Animal \A/plfnrp requirements

ISO 11135, Sterilization of health-care products — Ethylene oxide — Requirements for the development,
validation and routine control of a sterilization process for medical devices

ISO 11137-1, Sterilization of health care products — Radiation — Part 1: Requirements for development,
validation and routine control of a sterilization process for medical devices

[SO 11137-2, Sterilization of health care products — Radiation — Part 2: Establishing the sterilization dose

ISO 11137-3, Sterilization of health care products — Radiation — Part 3: Guidance on dosimetric aspects of
development, validation and routine control

ISO 11607-1, Packaging for terminally sterilized medical devices — Part 1: Requirements for materials,
sterile barrier systems and packaging systems
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ISO 11607-2, Packaging for terminally sterilized medical devices — Part 2: Validation requirements for
forming, sealing and assembly processes

ISO 13485, Medical devices — Quality management systems — Requirements for regulatory purposes

[SO 14155, Clinical investigation of medical devices for human subjects — Good clinical practice

ISO 14160, Sterilization of health care products — Liquid chemical sterilizing agents for single-use medical
devices utilizing animal tissues and their derivatives — Requirements for characterization, development,
validation and routine control of a sterilization process for medical devices

ISO 14630, Non-active surgical implants — General requirements

ISO 14937, St
agent and thé

ISO 14971, Medical devices — Application of risk management to medical devices

ISO 15223-1,
be supplied -

[SO 15223-2
to be supplied

ISO/IEC 1702

ISO 17664, |
manufacture

ISO 17665-1,
validation an

ISO/TS 1766
of IS0 17665-

ISO/TS 1766
of a medical

ISO 22442-1
management

ISO 22442-2

collection angl handling

ISO 22442-3
elimination a

ISO/TR 2244

erilization of health care products — General requirements for characterization of a sten
development, validation and routine control of a sterilization process for medicaldevic

Medical devices — Symbols to be used with medical device labels, labelling.and informat
- Part 1: General requirements

Medical devices — Symbols to be used with medical device labels,labelling, and inforn
| — Part 2: Symbol development, selection and validation

5, General requirements for the competence of testing and¢alibration laboratories

Processing of health care products — Information to0”'be provided by the medical
" for the processing of medical devices

Sterilization of health care products — Moist heat — Part 1: Requirements for the develop
1 routine control of a sterilization process for~medical devices

b-2, Sterilization of health care products~— Moist heat — Part 2: Guidance on the appli
[

b-3, Sterilization of health care products — Moist heat — Part 3: Guidance on the desigr
Jevice to a product family and-processing category for steam sterilization

Medical devices utilizing animal tissues and their derivatives — Part 1: Application
Medical devicesutilizing animal tissues and their derivatives — Part 2: Controls on sou
Medical devices utilizing animal tissues and their derivatives — Part 3: Validation

nd/or indetivation of viruses and transmissible spongiform encephalopathy (TSE) agent

224, "Medical devices utilizing animal tissues and their derivatives — Part 4: Principl
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assays for those processes

IEC 62366-1,

Medical devices — Part 1: Application of usability engineering to medical devices

3 Terms and definitions

For the purposes of this document, the following terms and definitions apply.

17 : e o £ TSNS | ¥ 1 1 ) Vdaalal nh) ~ h] 1: .
/701 rrdcLivatiornt of LrariSIriSSore Sporigyorim Sricepridiopulity (1oL ) Uyerits urrd vartdation

ISO and IEC maintain terminological databases for use in standardization at the following addresses:

IEC Electropedia: available at http://www.electropedia.org/

ISO Online browsing platform: available at https://www.iso.or
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Additional definitions can be found in the informative annexes.

abnormal use
act or omission of an act by the operator or user of a medical device as a result of conduct which is
beyond any means of risk control by the manufacturer

3.2

accessory
device-specific tool that is required to assist in the implantation and/or adjustment of the heart valve
repair device, excluding the delivery system

3.3

activ
activ
intery
that d

Note 1

3.4
actud
statis

Note 1
intervj

3.5
advel
AE
untoy
abnof
valve

3.6
auxil
devic

3.7
back
differ

3.8
body
BSA
total

e comparator

e control

rention generally accepted or demonstrated to be safe and effective for the conditig
an be used as a basis of comparison of the safety and effectiveness of thecheart valve

to entry: The active comparator is generally the standard of care for the condition.

rial analysis
tical technique for calculating event rates over time

to entry: Standard actuarial methods calculate the probability of freedom from events withir
als of time. When the intervals approach zero width, the ntethods are called Kaplan-Meier m

'se event

mal laboratory findings) in subjects, users or other persons, whether or not related
repair device implantation, adjustnient or procedure

jary device
e used during the procedure) not including accessories (e.g. sheath, guidewire) and del

pressure
ential pressure-applied across the valve during the closed phase

surface‘area

burface area (m2) of the human body

n of interest
repair device

pre-specified
ethods.

vard medical occurrence, unintended disease or injury, or untoward clinical sigps (including

to the heart

ivery system

Note

divided by 3 600. See Reference [30].

39

cardiac index
cardiac output (3.10) (CO, I/min) divided by the body surface area (3.8) (BSA, m2), with units 1/min/m?2

3.10

cardiac output

co

stroke volume multiplied by heart rate

© ISO 2018 - All rights reserved
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3.11
closing volume

portion of the regurgitant volume that is associated with the dynamics of the valve closure during a
single cycle

Note 1 to entry: See Figure 1.

b '§
+ = EE /
/ \/
/ \
/ \
! \
/ \
[ |
[ |
/ |
/ |
[ |
/ a
/ \
i \ /
0 e \
X
T
Key
X time
Y flowrate
1 forward flow volume
2 closing vqlume
3 leakage vplunmie
Figure 1 — Schematic representation of flow waveform and regurgitant volumes for one cycle

3.12
coating

3.13

thin-film material that is applied to an element of a heart valve repair device to modify its properties
compliance

© ISO 2018 - All rights reserved
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relationship between change in radius and change in pressure of a deformable tubular structure (e.g.

valve

C

annulus, aorta, conduit), defined in this document as:
(r,—r;)x100
nx (pz -b )

=100%x

where

C

is the compliance in units of % radial change/100 mmHg;

p1 isthe diastolic pressure, in mmHg;

pb is the systolic pressure, in mmHg;
r{ istheinner radius at p1, in millimetres;
rp isthe inner radius at pp, in millimetres.
Note 1 to entry: See Reference [7].
3.14
component-joining material
material, such as a suture, adhesive or welding compound, used\to assemble the compone
valve|repair device, thereby becoming part of the implanted.dévice
3.15
cycle
one cpmplete sequence in the action of a heart valve:under pulsatile flow conditions
3.16
cycle|rate
numbler of complete cycles per unit of timefusually expressed as cycles per minute (cycles
3.17
delivery system
system used to deliver, deploy, attach or adjust the device in the implant site
3.18
design validation
establishment by objective evidence that device specifications conform with user needs

use(s)

3.19

(3.34)

design verification

estab

ishment by objective evidence that the design output meets the design input require

3.20

hts of a heart

min)

and intended

ments

device embolisation
dislodgement from the intended and documented original position to an unintended and nontherapeutic
location

3.21

device failure

inabil

3.22

ity of a device to perform its intended function sufficient to cause a hazard

device migration
unintended movement or displacement of the device from its original position within the implant site,
without embolisation
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3.23

effective orifice area

EOA

orifice area that has been derived from flow and pressure or velocity data

Note 1 to entry: For in vitro testing, EOA is defined as:

E0A=—Trmts__
51,6% |22
p

where

EOA s the effective orifice area (cm?2);

q, s the root mean square forward flow (ml/s) during the positive differential pressure p¢riod;

RMS
Ap s the mean pressure difference (measured during the positive differential pressure peri-
bd) (mmHg);

p s the density of the test fluid (g/cm3).

3.24

failure modp
mechanism of device failure (3.21)

3.25
follow-up
continued asgessment of subjects who have received the fieart valve repair device

3.26
forward flow volume
volume of flqw ejected through the heart valyéiirthe forward direction during one cycle, not including
any regurgitant flow through the valve

Note 1 to entrjy: See Figure 1.

3.27
fracture
complete separation of any partof the heart valve repair device (3.28) that was previously intact

3.28
heart valve fepair device
implant (3.3]1) intended to improve the function of native human heart valves by acting either dn the
valve apparaltus,oronh the adjacent anatomy (e.g. ventricle, coronary sinus)

Note 1 to entri-_See mmmplpc in Annex R

3.29

heart valve repair system

heart valve repair device, delivery system, other accessories as applicable, packaging, labelling, and
instructions

3.30
imaging modality
method used to visualize and assess native anatomy and/or device position, geometry and/or function

3.31

implant

device placed surgically or non-surgically into the human body and intended to remain in place after
the procedure

6 © ISO 2018 - All rights reserved
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3.32
implant site
location of heart valve repair device implantation or deployment

3.33

indication for use

clinical condition of the patient population that the heart valve repair device is intended to treat or
improve

3.34
intended use
uctions, and

bnts for each

person in the population are taken into account

3.36
leak3ge volume
comppnent of the regurgitant volume that is associated with leakage during closed phase ¢f a valve in a
singlg cycle

Note 1 to entry: See Figure 1. The point of separation between the closing and leakage volumes is obtained
according to a defined and stated criterion (the linear extrapolation shown in Figure 1 is just an example).

3.37
linearized rate
total humber of events divided by the total time under evaluation

Note ] to entry: Generally, the rate is expressed iir terms of percent per patient year.

3.38
mear] arterial pressure
time-pveraged arithmetic mean value of the arterial pressure during one cycle

3.39
meai pressure difference
time-pveraged arithmeticmean value of the pressure difference across a heart valve during the positive
differential pressurg-period of the cycle

Note 1 to entry: See-Figure 2 for representative aortic and mitral flow and pressure waveforms. S¢e Figure 3 for
repregentative pulmonary and tricuspid flow and pressure waveforms.

3.40
non-ytructural dysfunction
abnormality extrinsic to the heart valve repair device that results in abnormal function of the device or
causes clinical symptoms

341
pannus
ingrowth of tissue onto the heart valve repair device which may interfere with normal functioning

3.42

pull-out

situation in which the suture or anchoring device remains structurally intact but tears through the
tissue in which it is implanted

© ISO 2018 - All rights reserved 7
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3.43

018(E)

reference device
heart valve substitute or heart valve repair device with known clinical history used for comparative
preclinical and clinical evaluations

3.44
regurgitant

fraction

regurgitant volume expressed as a percentage of the total ventricular stroke volume

3.45
regurgitant
volume of fl

volume
id that flows through a heart valve in the reverse direction during one cycle and is th

e sum

of the closing
Note 1 to entr

3.46

repositioning

intentional ¢

3.47
retrieval
removal of a

3.48
risk
combination

Note 1 to entr]

3.49
risk analysi
systematic u

Note 1 to entr]

3.50
risk assessn
overall procg

Note 1 to entr]

3.51

root mean s
RMS forwar
square root

volume and leakage volume (3.36)

y: See Figure 1.

hange of implant position of a partially or fully deployed heart valve(répair device

partially or fully deployed heart valve repair device

of the probability of occurrence of harm and the séverity (3.53) of that harm

y: See ISO 14971.

5
Ke of available information to identify*hazards and to estimate the associated risks (3

y: See ISO 14971.

hent
ss comprising a risk @nalysis (3.49) and a risk evaluation

y: See ISO 14971.

quare forward flow
d flow
bf thevintegral of the volume flow rate waveform squared during the positive differ

pressure intg

.48)

ential

rval of the forward flow phase used to calculate EOA

Note 1 to entry: Defining the time interval for flow and pressure measurement as the positive pressure period of
the forward flow interval for EOA computation provides repeatable and consistent results for comparison to the

minimum dev

ice performance requirements.

Note 2 to entry: This is calculated using the following equation:
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where

Qv s is the root mean square forward flow (ml/s) during the positive differential pressure period;

qv(t) isthe instantaneous flow at time ¢;
t1 is time at start of positive differential pressure period;
t2 is time at end of positive differential pressure period.

Note 3 to entry: The rationale for use of Dy purs is that the instantaneous pressure difference is proportional to

the sq

Note 4 to entry: See Figure 2 for representative aortic and mitral flow and pressure wavéfermg from in vitro
testing. See Figure 3 for representative pulmonary and tricuspid flow and pressure waveformg from in vitro
testing.

Key

<]

brtic pressure

—

dft ventricular pressure
gdft atrial pressure

brtic flow rate

itral flow rate

DU A W N R
—

=T

Dsitive pressure range.

o
K}

s TAnge.

Figufe 2 < Schematic representation of aortic and mitral flow and pressure wavefdrms versus
time from in vitro testing
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Key
pulmonary pressure
right venfricular pressure
right atrigl pressure
pulmonaty flow rate
tricuspid fflow rate

LU s W

Positive pressure range.

o

ypyys TANRE.

Figure 3 — Schematic representation of pulmonary and tricuspid flow and pressure wavefprms
versus time from in.vitro testing

3.52
safety
freedom from unacceptable risk

Note 1 to entrjy: See 1SO 14971.

3.53
severity
measure of the possible consequiences of a hazard

Note 1 to entrjy: See ISO 1494

3.54
simulated cardiacoutput
forward flow volume multiplied by heart rate

Nt 1t t il 1ot o d 1 4 4 1. 4 . i 1 ot 4o 1 H 4las pa | 4
ote O entry-—smiarateacaratrac UL{LPUL appuca Wi vitr U UTIIUIT LCDLllls Ullly IIT UITIS UUCUIIITIIL,

3.55
special process
process for which the product cannot be fully verified by inspection or test

3.56

sterility assurance level

SAL

probability of a single viable microorganism occurring on an item after sterilization

Note 1 to entry: The term SAL takes a quantitative value, generally 10-6 or 10-3. When applying this quantitative

value to assurance of sterility, an SAL of 10-6 has a lower value but provides a greater assurance of sterility than
an SAL of 10-3.

10 © ISO 2018 - All rights reserved
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Note 2 to entry: See Reference [6].

3.57
sterilization
validated process used to render product free from viable microorganisms

Note 1 to entry: In a sterilization process, the nature of microbial inactivation is exponential and thus the survival
of a microorganism on an individual item can be expressed in terms of probability. While this probability can be
reduced to a very low number, it can never be reduced to zero.

Note 2 to entry: See Reference [6].

3.58
stroKe volume
Y%
volunpe of blood pumped by a ventricle in one contraction, which is equal to the difference|between the
end djastolic ventricular volume and end systolic ventricular volume

3.59
strugtural device or component failure
degrddation of structural integrity of the repair device (e.g. fractures)that results in the functional
perfofmance of the implant no longer being acceptable and/or that résults in adverse events (3.5)

ural native valve deterioration
ural native valve dysfunction

ction or deterioration intrinsic to the native valveyincluding calcification, leaflet fibrosis, leaflet
r flail, resulting in stenosis or intra-prosthetic regurgitation

ic duration

Note 1 to entry: For in vitro testing, systolic:duration corresponds to the duration of forward flow in g cardiac cycle.

periof of time over which alproduct is developed, brought to market and eventually rgmoved from

characteristic ofithie user interface that facilitates use and thereby establishes effectivenefs, efficiency,

act oromission of an ac evice response than intended by the
manufacturer or expected by the user

Note 1 to entry: Examples of use error include incorrect sizing, suboptimal positioning, structural distortion of
the device.

Note 2 to entry: An unexpected physiological response of the patient is not by itself considered use error.

4 Abbreviations

For the purposes of this document, the following abbreviations apply.
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AE adverse event

AWT accelerated wear testing

co cardiac output

CT computed tomography

CIP clinical investigation plan

CFD computational fluid dynamics
ECG ele¢trocardiogram

EOA effgctive orifice area

FEA finite element analysis

[FU insfructions for use

INR int¢rnational normalized ratio
LV leftlventricle, left ventricular
MAP mefn arterial pressure

MRI mapnetic resonance imaging
PET poditron emission tomography

PMCF  pogt-market clinical follow-up
Sv strpke volume
TEE trapsoesophageal echocardiography

TTE trapsthoracic echocardiography

5 Fundamental requirements

5.1 Genernal

The manufagturer shall determine, at all stages of the total product life cycle, the acceptability pf the
product for dlinical use.

5.2 Risk management

Risk management is the essential element for design and verification of medical devices. A risk-based
methodology challenges the manufacturer to continually evaluate known and theoretical risks of the
device, to develop the most appropriate methods for mitigating the risks of the device, and to implement
the appropriate test and analysis methods to demonstrate that the risks have been mitigated. The
manufacturer shall define, implement and document risk management activities in accordance
with ISO 14971. The risk analysis shall be an iterative process over the total product life cycle of the
device based on evolving knowledge of device performance. Annex G outlines a risk management
approach relevant to heart valve repair devices, and provides examples of potential approaches to risk
management. In addition, a list of potential hazards specific to the various types of heart valve repair
devices that can serve as the basis for a risk analysis is also provided.
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evice description

Intended use/Indication for use

The manufacturer shall identify the pathophysiological condition(s) to be treated, the intended patient

population, and intended claims.
6.2 Design inputs
6.2.1 General
The dlesign attribute requirements of ISO 14630 shall apply.
6.2.2| Operational specifications
The jlanufacturer shall define the operational specifications for the systemyincluding the|principles of
operdtion, intended device delivery approach if applicable, expected devicelifetime, shelf life, shipping/
storage limits, and the physiological environment in which it is intended-te function. The anufacturer
shall define all relevant dimensional parameters that will be requiréd to accurately selefrt the size of
devicg to be implanted, if applicable. Table 1 and Table 2 define the expected physiologicall parameters
of thelintended adult patient population for heart valve repair dévices for both normal and| pathological
patient conditions. See Annex H for guidelines regarding suggested test conditions for the paediatric
population.
Table 1 — Heart valve repair device operational.environment for left side of hearf — Adult
population
Parameter General Condition
Surrounding medium Human heart/Human blood
Temperature 34°Cto42°C
Heart rate 30 bpm to 200 bpm
Cardiac output 31/min to 151/min
Forward flow volume 25 ml to 100 ml
Aortic peak Aorticend | Peakdifferential pressure acrpss
Pressures and fesult- systolic diastolic closed valvea
antpressureloadsby | pressure | pressure Aortic AP, Mitral APy
patient€ondition
mmHg mmHg mmHg mmHg
Normotensive 90 to 140 60 to 90 80 to 115 90 to 14(
Hypotensive <90 <60 <80 <90
Mild hypertensive 140 to 159 90 to 99 115to 129 140 to 159
Moderate-hypertensive 166-to179 106-to169 136-to144 166-to1+7AY
Severe hypertensive 180 to 209 110 to 119 145 to 164 180 to 209
Very severe hypertensive =210 2120 2165 =210
a  Peak differential pressure across closed aortic valve estimated using the following relationship:
— APy = pressure associated with dicrotic notch assuming LV pressure is zero # Aortic end diastolic
pressure + % (Aortic peak systolic pressure - Aortic end diastolic pressure).
Peak differential pressure across closed mitral valve estimated to be equivalent to Aortic peak
systolic pressure.
Pressure values obtained from references (See references [28], [33]).
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Table 2 — Heart valve repair devices operational environment for right side of heart - Adult
population

Parameter

General Condition

Surrounding medium

Human heart/Human blood

Temperature

34°Cto42°C

Heart rate

30 bpm to 200 bpm

Cardiac output

31/min to 15 1/min

Forward flow volume

25 ml to 100 ml

‘‘‘‘‘‘‘‘‘‘‘‘ Pulmonary | Peak differential pressure across
Pregsures and resultant tgry;\)le;kjs;s- acrigsgo?iléd closed valvea
pres uri;ﬁ?ﬁ;gz patient| tolic pressure pressure Pulmonary APp | Tricuspid ART
mmHg mmHg mmHg mmHg
Normotensive 18 to 35 8to 15 13 to 28 18-t0 35
Hypotensive <18 <8 <13 <18
Mild hypertensive 35to 49 15to 19 28to 34 35to0 49
Moderate hypertensive 50 to 59 20 to 24 35to 42 50 to 59
Sepere hypertensive 60 to 84 25to 34 43 to 59 60 to 84
Very|severe hypertensive 285 =35 =60 =85
a  Peakdifferential pressure across closed pulmonary valve estimated-tising the following relationship:
— ABp = pressure associated with dicrotic notch assuming RV préssure is zero ~ Pulmonary artery end
diastplic pressure + % (Right ventricle peak systolic pressure -Pulmonary artery end diastolic pressure).
— Ppak differential pressure across closed tricuspid valve'estimated to be equivalent to Pulmonary
artery peak systolic pressure.

6.2.3 Fund

6.2.3.1 Ge

The manufad
safety requif
performance
attributed p
valve or its f
including ad;
the device it{

neral

6.2.3.2 1

plantable device

tional, performance and safety reguirements

turer shall establish (i.e. define, document, and implement) the functional, performan
ements of the heart valveé repair system. With valve replacement devices, haemody
and those adverse events which are directly valve-related can be measured and reaso
redominantly to, the/device. In contrast, because valve repair devices modify the pative
inction, leaving-the native valve leaflets in place, haemodynamic and clinical perfory
rerse eventsccatt also depend on factors relating to the native valve and factors othel
elf. See 742 for examples of such factors.

eand
hamic
nably

hance
" than

following:

a) the ability to repair valve function;

b) the ability to resist migration and embolisation;

c) the ability to minimize haemolysis;

d) the ability to minimize thrombus formation;

e) biocomp

atibility;

f) the ability to resist corrosion;

g) compatibility with adjacent structures or other implanted devices;
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h) compatibility with diagnostic imaging techniques (e.g. MRI);

i) visibility under diagnostic imaging techniques (e.g. MRI, echocardiography, fluoroscopy, CT);

j)  deliverability and implantability in the target population;

k) the ability to maintain structural and functional integrity during the expected lifetime of the device;

1) the ability to maintain structural integrity, functionality and sterility for the labelled shelf life prior
to implantation;

m) the ability to consistently, accurately and safely prepare the device for implantation;

n) t]:e ability to be consistently, accurately and safely implanted;

o) the ability to be safely retrieved, adjusted and/or repositioned, if applicable.

6.2.3]3 Delivery system (if applicable)

The dlesign attributes to meet the intended performance of the delivery system shall take into
consifleration at least the following:

a)

=

he ability to permit consistent, accurate and safe access, delivery and placement of the heart valve
bpair device to the intended implant site;

—

b) the ability to permit consistent and safe withdrawal-of the delivery system prior[to and after
deployment of the heart valve repair device;

c) the ability to minimize haemolysis;

d) the ability to minimize thrombus formation;

e) the ability to minimize blood loss;

f) the ability to retrieve, reposition,@nd/or remove the heart valve repair device (if applicable);

g) bjocompatibility;

h) the ability to resist corrosion;

i) the ability to avoid pasticulate generation;

j)  the ability to mdintain its structural integrity, functionality and sterility for labelled shelf life;

k) cpmpatibility"and visibility with diagnostic imaging techniques (e.g. MR, echo, fluordscopy, CT), if

applicable;

1) cpmpatibility with other required tools and accessories that are required to domplete the
proeedure.

6.2.4 Usability

The heart valve repair system shall provide intended users the ability to safely and effectively perform
all relevant pre-operative, intra-operative, and post-operative procedural tasks and achieve all desired
objectives. This shall include all procedure-specific tools and accessories that intended users will use to
complete the procedure.

NOTE For guidance on how to determine and establish design attributes pertaining to the use of the system
to conduct the implant procedure, see IEC 62366-1.

© IS0 2018 - All rights reserved 15


https://standardsiso.com/api/?name=2b1dff2ed8d77258f496989976c5b99e

ISO 5910:2018(E)

6.2.5 Packaging, labelling, and sterilization

The heart valve repair system shall meet the requirements for packaging, labelling, and sterilization
contained within Annex C, Annex D, and Annex E, respectively.

6.3 Design outputs

The manufacturer shall establish (i.e. define, document, and implement) a complete specification of
the heart valve repair system, including component and assembly-level specifications, delivery system,
accessories, packaging, and labelling. Annex B contains examples of various heart valve repair devices
and Annex F contains descriptive characteristics for heart valve repair systems. In addition to the

physical compormentsof the heart vatve TepaiT SysSterT, the impiant procedure itself stoutd beconsidered

an important element of safe and effective heart valve repair therapy.

6.4 Desigh transfer (manufacturing verification/validation)

s and
uring

The manufa¢turer shall generate a flowchart identifying the manufacturing process operation
inspection stleps. The flowchart shall indicate the input of all components and important manufact
materials.

s and
e, The
ry to

As part of th
process cond
risk manage
demonstrate

e risk management process, the manufacturer shall establish~the control measursg
litions necessary to ensure that the device is safe and sditable for its intended us¢
ment file shall identify and justify the verification/validation activities necess3
the acceptability of the process ranges chosen.

f the
rware

The manufafturer shall establish the adequacy of full scal¢’ manufacturing by validation
manufacturipg process. The manufacturer shall validate allvspecial processes and process sof
and documeipt the results of the validation.

NOTE Se¢ ISO 13485.

7 Design|verification testing and analysis / Design validation

7.1 Generjal requirements

The manufa¢turer shall performrverification testing to demonstrate that the device specifications

result in a he

input). The manufacturer shall*establish tests relating to hazards identified from the risk an:

The protoco
conditions (¥
device), acce

art valve repair systém that meets the design specifications (design output meets d

s shall identify the test purpose, set-up, equipment (specifications, calibration, etc,
vith a justification of appropriateness to anticipated in vivo operating conditions f
btance cfiteria, and sample quantities tested. Test methods for verification testing sh

esign
lysis.
, test
br the
all be

appropriately validated. Refer to applicable sections of ISO/IEC 17025.

with

The manufafturer shall validate the design of the heart valve repair system in accordance
[SO 13485 to ensure that the device specitications Coniorm to User needs and intended USe.

The requirements of this Standard are equally applicable to new or modified heart valve repair systems.
For heart valve repair systems on the market prior to implementation of this Standard, and for which
clinical evidence of safety and effectiveness exist, demonstration of compliance with all parts of this
Standard may not be necessary. The manufacturer shall provide a justification for the lack of any such
verification.

7.2 Invitro assessment

7.2.1 General

In vitro assessment shall be used to mitigate risks identified in the risk analysis. Design specific testing
not covered herein may be required based on the findings of the risk analysis.

16 © ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=2b1dff2ed8d77258f496989976c5b99e

ISO 5910:2018(E)

7.2.2 Testarticles, sample selection, test conditions and reporting requirements

7.2.2.1 Testarticles and sample selection

Test articles shall represent, as closely as possible, the finished heart valve repair system, including
preconditioning such as exposure to the maximum number of recommended sterilization cycles,
process chemicals, aging effects, shipping/ handling and any loading and deployment steps (including
repositioning and recapturing, if applicable) in accordance with all manufacturing procedures and
instructions for use, where appropriate. Sampling shall also ensure adequate representation of the
manufacturing tolerances. Any deviations of the test articles from the finished product shall be justified.

The n=s
shapds, use ranges, and implant sites). Depending on the particular test, testing mightn
have to be completed for each device configuration. A rationale for device configuration s
be provided.

For alll tests, the sample size shall be justified based on the specific intent of the'test and risK
Additjional information regarding sampling and article conditioning shall‘be included wit
meth¢d defined herein, as appropriate.

7.2.2J2 Test conditions

The fest set-up shall be representative of the critical aspects of the intended impl
compliance, geometry, anatomical constraints, physiological interactions) for the tg
population. Variations in device deployed state shall be“considered (e.g. off-axis deploy
ment, ellipticity) based on the risk analysis. Criti€al aspects of the test set-up shall b
anufacturer. Test conditions shall be based onievolving knowledge of device perforn
clinicpl testing and clinical use and refined over.the product life cycle of the device.
Wher
shall

e simulation of in vivo haemodynamic, conditions is applicable to the test method, d
be given to those operational environments given in Table 1 and Table 2 for the adu

deployment
t necessarily

blection shall

r assessment.
hin each test

int site (e.g.
rget patient
ment, under
e justified by
hance in pre-

onsideration
population.

In particular, recommended pressure values provided in Table 3 and Table 4 shall be utilized for in
vitro [testing. See Annex H for guidelines regarding suggested test conditions for tHe paediatric
population. Where applicable, testing shall be performed using a test fluid of isotonic salinje, blood, or a
bloodtequivalent fluid whose physical properties (e.g. density, viscosity at working temperatures) are
apprdpriate to the test being performed. When animal or human blood is utilized, the recorhmendations
of ISQ 10993-4 and ASTM F1830 shall be considered (see Reference [5], [11]). The tesfing shall be
perfofmed at the intended operating temperature as appropriate. The measurement pargmeters shall
be defined by the manufacturer based on the design inputs.
Table 3 — Recommended pressure values for in vitro testing for left side of heartj — Adult
population
Aortic peak Aortic end Peak differential pressure¢
systolic diastolic across closed valve
pressure pressure Aortic APy Mitral APy
mmHg mmHg mmHg mmHg

Normotensive 120 80 100 120

Hypotensive 60 40 50 60

Mild hypertensive 150 95 125 150

Moderate hypertensive 170 105 140 170

Severe hypertensive 195 115 155 195

Very severe hypertensive 210 120 165 210
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Table 4 — Recommended pressure values for in vitro testing for right side of heart — Adult

population
Pulmonary | Pulmonary |Peak differential pressure across
artery peak | artery end closed valve
systolic diastolic . .
pressure pressure Pulmonary APp | Tricuspid APt
mmHg mmHg mmHg mmHg
Normotensive 25 10 20 25
Hypotensive 15 5 10 15
Mild hypprtnncivn 45 17 30 45
Moflerate hypertensive 55 22 40 55
Sgvere hypertensive 75 30 50 75
Very|severe hypertensive 85 35 60 85

7.2.2.3 Re

porting requirements

Each test regort shall include:

a) purpose|scope and rationale for the test;

b) identifichtion and description of the heart valve repair system eléments tested (e.g. batch number,
size, conffiguration);

c) identificption, description and rationale for selection of thereference device(s) where appropriate;

d) number pf samples tested and rationale for sample size;

e) detailed|description of the test method includingpreconditioning to simulate clinical use;

f) pre-spedified acceptance criteria, if applicable;

g) verificatjon that appropriate quality assurance standards have been met (e.g. Good Laboratory
Practice) ISO 17025);

h) deviatiohs, if any, and discussionsjof the effect of the deviations on the scientific validity of tHe test
results;

i) testresylts and conclusiéns'(i.e. interpretation of the results).

Statistical p
and the conc
associated W

ocedures used’in data analysis and rationale for their use shall be described. Test r

bsults

usions shall be used as an input to the risk management documentation to assess the risk

ith a hazard/failure mode under evaluation.

7.2.3 DeviceZmaterial property assessment

7.2.3.1 General

Properties of the heart valve repair system components shall be evaluated as applicable to the specific
design of the system as determined by the risk assessment. The materials requirements of ISO 14630
shall apply. Additional testing specific to certain materials shall be performed to determine the
appropriateness of the material for use in the design.

For example, materials dependent on shape memory properties shall be subjected to testing in order to
assess transformation properties.

18
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7.2.3.2 Biological safety

The biocompatibility of the materials and components used in the heart valve repair system shall be
determined in accordance with ISO 10993-1. A rationale shall be provided for the choice of data needed
to evaluate each relevant potential biological effect. The test plan recorded in the risk management file
shall comprise a biological safety evaluation programme with a justification for the appropriateness
and adequacy of the information obtained. During the hazard identification stage of a biological safety
evaluation, sufficient information shall be obtained to allow the identification of toxicological hazards
and the potential for effects on relevant haematological characteristics. Where an identified hazard
has the potential for significant clinical effects, the toxicological risk shall be characterized using
established methods (e.g. mode of action, dose-response, exposure level, biochemical interactions,
toxicg }\iucti\,o).

For heart valve repair devices using animal tissue or their derivatives, the risk associated|{with the use
of these materials shall be evaluated in accordance with the ISO 22442 series.

7.2.3]3 Material property testing

The material properties of all materials comprising the heart valve repair system shall pe evaluated
as applicable to its specific design and function. Characterization data‘from literature o1l engineering
reporjts on the same materials and processing can be referenced with-appropriate justification. Material
propdgrties shall be characterized for the materials of the finishied device after appropfiate loading
and deployment, as dictated by the risk analysis. Environmenfal’conditions that might affect material
propdrties shall be included in testing protocols (e.g. aging):»When using materials whoge properties
are expected to change after implantation, material propérty characterization shall also e conducted
under relevant conditions mimicking the implantationefvironment (e.g. temperature, pH].

Annex [ provides examples of relevant material preperties by material class and compongnts. Annex |
provifles a list of standards that might be applicable to the testing of materials and [components.
Annex K provides guidance on considerationsfor device material properties undergoing ¢hanges after
implantation. Annex L provides guidance on corrosion assessment.

7.2.4| Functional performance assessment

An agsessment of the functional'performance of the device in a clinically relevant simiilated repair
situatfion shall be performed. Requirements of 7.2.2 shall apply. Functional assessment can ;I:e performed
by means of bench, ex viyoy cadaver and/or computational models. A guideline for perfforming and
reporfting of functional fests is provided in Annex M.

7.2.5| Device structural performance assessment

7.2.5/1 General

An aspessment of the ab111ty of the heart Valve repair dev1ce to w1thstand the loads, deformations and/
or usl v : te the risks
assoc1ated w1th potentlal structural failure modes (e g. fracture tear). The structural performance
assessment shall include a fatigue assessment of its individual structural components and a durability
assessment of the entire device. If appropriate for the specific device design, the manufacturer shall
justify situations where a single test may address both component fatigue and device durability.
Structural performance assessment can be performed by means of bench testing and validated
computational models.

7.2.5.2 Structural component fatigue assessment

Fatigue assessment of the individual structural components of the heart valve repair device under
simulated in vivo conditions shall be performed in order to evaluate risks associated with fatigue-
related failure modes over its anticipated in vivo lifetime. The assessment may be performed on
sub-assemblies, individual components, and/or extracted segments of components as appropriate.

© ISO 2018 - All rights reserved 19


https://standardsiso.com/api/?name=2b1dff2ed8d77258f496989976c5b99e

ISO 5910:2018(E)

Requirements of 7.2.2 shall apply. The manufacturer shall determine and justify the fatigue assessment
approach and associated characterization techniques utilized to best determine the fatigue lifetime for
the structural components.

Allload-bearing components comprising the device, including anchoring features, shall be appropriately
considered. Particular aspects that can affect the anticipated in vivo lifetime of the heart valve repair
device (e.g. tissue ingrowth, bridge therapy) shall be taken into account. It shall be demonstrated
through testing and/or analysis that the structural components will remain functional for a minimum of
400 million cycles (equivalent to 10 years) for critical loading modes, unless justified when a particular
device has a lower anticipated in vivo lifetime.

The manufa
analysis bas
provided in /

turer shall identify and justify the appropriate challenge conditions for fatigue test and
bd on in vivo loading and environment. Suggested guidelines for fatigue assessment are
Annex O.

7.2.5.3 Deyice durability assessment

strate
imum

An assessme
reasonable 4

ht of the durability of the entire heart valve repair device shall be perfermed to demon
ssurance that the entire heart valve repair device will remain functional for a min

of 400 millign cycles (equivalent to 10 years) unless labelling includes an explicCit statement abojit the
anticipated #n vivo device lifetime in which case testing shall be performed to support the labelling
claim. The mlanufacturer shall provide justification if it is not feasible or-appropriate to conduct in vitro

durability tepting of the entire heart valve repair device, or to test t£0 400 million cycles (e.g. d¢vices
with biologiqal structural components). If testing is performed, the\test setup shall be designed|to be
representatiye of critical aspects of the target implant site and\loading conditions (e.g. compljance,
geometry, oferating temperature, pulsatile flow/pressure). Contisideration shall be given to anticipated

variations in[the implanted device configurations. See Annex'N for additional considerations.

7.2.6 Devilce corrosion assessment

An assessme
the heart va
can be sens
electropolish
Annex L pro

ht of the corrosion resistance of the finished device and all constituent materials comp
ve repair device shall be conduetéd: It is well established that metal corrosion pot
tive to variations in manufacturing processes (e.g. heat treatment, chemical et

rising
ential
Ching,

ing). Therefore, the corrosion resistance shall be characterized using the finished device.

Vides guidance on corrosion‘resistance characterization. The manufacturer shall pr

ovide

rationale for have

been considdg

the selected test methads and justify that all corrosion mechanisms and conditiong
red through testing orjtheoretical assessments.

7.2.7 Deliyery system design evaluation requirements

b risk
bliver,
lation

The manufa
assessment.
deploy, attac
requirement

‘turer shallassess and perform tests for the delivery system as identified by th
The delivery system may be a catheter or other device-based system used to d
h or,adjust the device in the implant site. Annex U provides guidelines for design evaly
5 fordelivery systems.

7.2.8 Visibility

The ability to visualize the repair device and delivery system during delivery, deployment and
after delivery system withdrawal, using the manufacturer’s recommended imaging modality (e.g.
fluoroscopy, MRI, CT, TEE, TTE) shall be evaluated. In certain cases, the ability to directly visualize the
device and delivery system may be more appropriate and shall be evaluated (e.g. surgical implantation).

7.2.9 Simulated use assessment

The ability to permit safe, consistent and accurate deployment of the heart valve repair device within
the intended implant site shall be evaluated using a model that simulates the intended use conditions.
Models representing the cardiac anatomy of the patient population and delivery pathway shall be
considered for this assessment (e.g. isolated heart models, patient specific anatomic models). This
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assessment shall include all elements of the heart valve repair device, delivery system and accessories
required to facilitate delivery, deployment, adjustment and retrieval of the device, as applicable.
The model shall consider anatomical variation in the intended patient population with respect to
vasculature and intended implant site, temperature effects, pulsatile flow, etc. Justification for critical
parameters of the simulated use model shall be provided. Potential hazards identified during simulated
use testing shall be documented within the risk assessment (e.g. coronary sinus occlusion, ventricular/
atrial perforation). Annex G provides guidelines for potential hazards associated with heart valve
repair devices.

7.2.10 Human factors / Usability assessment

[ 62366-1 to
bploy, adjust,
whether the
ppropriately
s conducted

Usability

validgte that intended users of the heart valve repair system can consistently deliver,‘d
repodition and retrieve the device safely and effectively. The assessment shall also fecus on
desigh attributes of the heart valve repair system used to conduct the implant procedure 3
mitigate identified potential use errors. It is recommended that usability asSessment
throujghout the design cycle (see Reference [10]).

7.2.11 Device MRI safety

The mpanufacturer shall evaluate the safety and compatibility of the implant with the use ¢f MRI. ASTM

Standards F2052, F2213, F2182, F2119, and F2503 contain relevant methods of evaluation

D

7.2.12 Design specific testing

Design specific testing shall be considered to assess‘additional failure modes identified by the risk

asses
direc
tests
gener|
of dey
of he

sment that may not have been already addressed. In some cases, design specific test

may be required (e.g. support structure creep, static pressure test, anchoring
ation, burst/circumferential strength, retrievability of device, repositionability of d
rice post-implantation, anatomical.ifiteractions). Annex G provides examples of pote
rt valve repair devices to inform“design specific testing. Examples of additional d

ng may have

implications for the overall structural lifetiime of a component or repair device, and additional

particulate
evice, effects
htial hazards
evice design

evaluption requirements are presented in Annex T.

7.3 |Preclinical in vivo evaluation

7.3.1| General

Genefal requirements of ISO 14630 shall be considered.

7.3.2| Overallrequirements

Precl bn of clinical
inves bd devices to
investigate those risks and aspects of safety and effectiveness that cannot be fully evaluated from in vitro
testing or other available data regarding heart valve repair device delivery, deployment and imaging
characteristics and heart valve repair device safety and effectiveness. The preclinical programme
design shall be based on the risk analysis. This programme may involve the use of different species
and implant durations to address the key issues identified in the risk assessment. Use of a diseased
animal model shall be considered. The choice of animal model (e.g. species, diseased or non-diseased),
study duration, device size and sample size shall be justified and documented. The use of alternative
implantation sites, alternative implantation techniques (e.g. transapical delivery, surgical implantation)
and acute as well as chronic studies might be justified to accommodate specific heart valve repair
device design features and species-specific anatomic differences. Anatomic species differences and
use of diseased or non-diseased animal models shall be considered when interpreting results from
preclinical in vivo testing alone. If a determination is made that preclinical in vivo evaluation is not
required, justification shall be documented.

nical studies to enable acceptably safe clinical investigations shall precede initiati
'inginnc An in vivo animal test programme shall be conducted for new or maodifid
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The preclinical in vivo evaluation shall:

a)

b)

d)

22

evaluate the extent to which the haemodynamic performance of the heart valve repair reflects the
intended clinical use;

assess delivery deployment, implantation procedure and imaging characteristics of the heart valve
repair system. Consideration shall be given, but not limited to the following items:

1) easeofuse;
2) delivery system handling characteristics (e.g. pushability, trackability);
3)

4) levice

conffiguration (e.g. note the presence of device angulation, bends, kinks);

5) imaging characteristics;

6) migration or embolisation of the heart valve repair device;
7) intefaction with surrounding anatomy such as leaflets, annulus and‘subvalvular structures;
8) ability to recapture and re-deploy the heart valve repair deviceyifiapplicable;

assess tlhe in vivo response to the heart valve repair device. Gonsideration shall be given, bit not
limited tpo the following items:

1) healjing characteristics (e.g. pannus formation, tissue‘ingrowth, resorption of biodegrgdable
materials);

2) effe¢t of post-implantation changes in heart valve repair device configuration (e.g. the presence
of d¢vice angulation, bends, kinks) on functiohal performance;

3) haerolysis;

4) thrombus formation;
5) embplisation of material from the implant site, delivery system or heart valve repair device;
6) migration or embolisation-of the heart valve repair device;

7) biolegical response~(e/g. inflammation, calcification, thrombosis, rejection, other unexpected
interactions with tissues);

8) interaction -with surrounding anatomical structures (e.g. leaflets, annulus, subvalvular
appdratus);

9) struptural and non-structural native valve dysfunction;

use the final design of the heart valve repair device. The system shall be prepared, deployed and
imaged using the same procedures (e.g. preparation of the device for delivery and deployment)
as intended for clinical use. Consideration shall also be given to effects of maximum allowable
conditioning steps (e.g. maximum sterilization cycles, maximum crimp time, maximum crimp
cycles, etc.);

If needed, ancillary studies should be conducted to evaluate unique design and delivery aspects.

The manufacturer shall justify any modifications to the device or system that may be required for
implantation in the animal model.

investigate the heart valve repair device in positions for which it is intended (e.g. aortic, mitral,
ventricular, coronary sinus); if species specific anatomic features or the use of a non-diseased
animal model confound the ability to evaluate the heart valve repair device in positions for which
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it is intended, provide a justification for implantation in an alternative site or the use of alternative

implantation procedures;

f) for comparator studies, subject the appropriate active comparator heart valve repair devices/
techniques to identical anatomic and physiological conditions as the test device;

g) be performed by experienced and knowledgeable test laboratories, under appropriate quality
assurance standards (e.g. Good Laboratory Practice);

h) be justified and performed in accordance with the animal welfare principles provided in
[SO 10993-2.

7.3.3| Methods

Guidgnce on the conduct of preclinical in vivo evaluation, and a series of tests which can be used to

addrgss the relevant issues, is provided in Annex P. These studies are designed ©0 mimic
possible the clinical use of the heart valve repair device and to assess their(functional j
delivgry, deployment and imaging. It is recognized that adverse events arising.after device
can He attributed to the implanted device, the procedure, and/or the._eénvironment i
is implanted, including interactions among these. Adverse events arising during or
implantation shall be carefully analysed and interpreted to identify the cause of the adver

The ipvestigator should seek to control as many variables a§ possible within each sty
specigs, gender, age). Animals suffering from complications.not related to the procedure
(e.g. gre-existing disease) may be excluded from the group-of'study animals, but they shall

The

mber of animals used for the assessment of preclinical safety and effectiveness sha

based on risk assessment. For all studies, the specified duration of the observation period o

shall

e justified according to the parameter(s).@nder investigation in each study protd

term ptudies, the observation period shall not be'less than 90 days.

For syirvival studies, a post-mortem examination shall be performed (e.g. macroscopic, 1

histo
shall

ogical) focusing on device integrity and delivery system/device related pathology
nclude this information from all*animals that have been entered into the study.

The agsessment shall provide atleast the following:

a)
b)

d)

e)

f)
g)

h)
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1 vivo evaluation of the.final device design;

ahy detectable pathelogical consequences, including but not limited to: migration or ¢
changes in hedart“valve repair device configuration (e.g. angulations, bends, !
implantation<changes in shape of structural components; thromboembolic phenon
f:Emation; and tissue disruption and/or inflammatory responses involving the heart

device and/or the major organs;

apy- detectable structural alterations (macroscopic, microscopic or radiographic)

as closely as
berformance,
implantation
nto which it
after device
be event.

dy arm (e.g.
br the device
be reported.

1 be justified
fthe animals
col. For long

radiographic,
. The report

mbolisation;
xinks); post-
ena; pannus
valve repair

in the heart

value repair device and macroscopic examination of the dp]ivr-\ry system (p g dam

degeneration, changes in shape or dimensions);

hge, material

serial blood analyses performed pre-operatively, at appropriately justified intervals during the
observation period, and at termination to assess haemolysis, abnormalities in haematology and
clinical chemistry parameters;

delivery and deployment characteristics, including but not limited to ease of use, handling
characteristics, imaging, sizing technique, retrieval and redeployment, if applicable;

functional performance over a range of cardiac outputs (e.g. 2,5 to 6 1/min) in the same animal;

serious adverse events, (e.g. myocardial infarction, significant cardiac arrhythmias, embolisation,
native valve dysfunction);

any other device or procedure related complication or events.
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7.3.4 Testreport

The laboratory performing the preclinical in vivo study shall produce the test report, which shall
include a description of the risk evaluation, the complete original study protocol, all data generated
from all animals of the preclinical in vivo evaluation necessary for the reconstruction and evaluation
of the study, and a summary of the data generated during the course of the investigation, addressing
the results from all animals, including serious adverse events generated from the test programme
conducted in accordance with 7.2.3 to meet the requirements of 7.3.2.

The test report shall include:

a) identification of each of the system components (delivery system, heart valve repair device, other
auxiliary devices) used in the procedure (product description, serial number, and other appropriate
identificption);

b) detailed|description of the animal model used, the rationale and justification for its\use. The pre-
procedufal assessment of each animal shall include documentation of health status as well as
gender, Weight, and age of the animal;

c) descriptjon of the implantation procedure, including delivery, deployment,(sizing technique, device
anatomif location, imaging technique(s) and any procedural difficulties;

d) descriptjon of the pre-procedural and post-procedural clinical coukse of each animal including
clinical jobservations, medication(s) and interventions used to ‘treat serious adverse eyents.
Describg anticoagulation or antiplatelet drug regimen used aswell as therapeutic level monitoring
methodyg, if applicable;

e) any deviptions from the protocol or amendments to the protocol and their significance;

f) names df the investigators and their institutionsalong with information about the implgnting
personngl and the laboratory’s experience with-heart valve substitute and/or heart valve fepair
device ithplantation and animal care;

g) interprefation of data and a recommendation relative to the expected clinical safety and
effectivgness of the heart valve repair device system under investigation;

h) for survlval studies, the study pathology report shall include gross and radiographic examination
and histppathology findings, including gross photographs of the device and surrounding tisste, for
each explanted heart valve répair device;

i) for survival studies, detailed full necropsy reports for each animal in the study that includes an
assessment of the entire’body including such findings as thromboembolism or any other adverse
effects Z[Jtatively from the heart valve repair device.

Further detalils of the*test report depend on the defined test protocol.

7.4 Clinicallnvestigations

7.4.1 General

The requirements of ISO 14630 and ISO 14155 shall apply. Clinical investigations shall be performed for
new or modified heart valve repair devices and expanded indications for use to investigate those risks
and aspects of clinical performance that cannot be fully evaluated from pre-clinical or other available
data. If a determination is made that clinical investigations are not required, scientific justification
addressing safety and effectiveness shall be provided.

Clinical investigations shall be designed to evaluate the heart valve repair device in its intended use. The
studies shall include an assessment of adverse events related to risks arising from the use of the heart
valve repair device and from the procedure. The clinical investigation shall include pre-procedure, peri-
procedure, and follow-up data from a specified number of subjects, each with a follow-up appropriate
for the device and its intended use. The clinical investigation programme shall be designed to provide
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substantial evidence of acceptable performance, safety, and risk-benefit ratio to support the intended
labelling of the device.

The phases of a clinical programme typically include a pilot phase (e.g. first-in-human or feasibility
studies), a pivotal phase (studies to support market approval), and a post-market phase. Compassionate
use is a separate process and is not considered part of the clinical programme. A series of patients
receiving a novel device under compassionate use shall not be used as a substitute for any clinical
investigational study. Prior to embarking on a pivotal clinical investigation, pilot phase studies shall
be considered to provide initial information regarding clinical safety and effectiveness. A scientific
justification shall be provided if pilot phase studies are not to be undertaken. The information derived
from the pilot phase may be used to optimize device design prior to initiation of a larger clinical

i bigatione foll i g Foatlh e oy cli i ool b oot o
aneS - Bublull ITUIIUVV l116 ITUILrCIIcCI tJl o o oIl al L\'J\-lllsu

A piv]:tal clinical investigation shall be designed to ensure:

a) the presence of a well-defined, clinically relevant question;

jo5)

b) aphacceptable level of risk-benefit for the patient considering the availabléalternatives aind standard

of care;

c) ah appropriate study design to answer the clinical question, ‘including a well-defined patient
pppulation, study endpoints and duration.

A ranfomized study design for a pivotal trial should be considéred based on the following

a) efhical considerations may require a head-to-head ‘comparison with alternative tfeatments or
standard of care;

b) randomized trials provide the highest quality seientific evidence and minimize bias;
c¢) randomized trial results may promote adoption of effective therapies;

For clinical investigations to serve as a basis for market approval there should be sufficient data to
suppgrt safety and effectiveness and“a-favourable risk-benefit ratio. These studies should include
specific inclusion/exclusion criteria, ‘use of accepted endpoint definitions, have a rigdrous way of
colledting information on defined ‘case report forms, a rigorous system to monitor the dafta collection,
defingd follow-up intervals, and complete follow-up of the study populations.

7.4.2 Study considerations

7.4.2]1 General

The decision to,use a medical device in the context of a particular clinical procedure [requires the
residfial risk-to” be balanced against the anticipated benefits of the procedure in comparison with
the rjsk and anticipated benefits of alternative procedures (ISO 14971). With valve |replacement
devicgs;-haemodynamic performance and those adverse events which are directly valvé-related can
be meéasuredamdreasomabty attributedtothe device- Because vatve repair devices modify the native
valve and its function, haemodynamic and clinical performance including adverse events may be
differentially affected by factors relating to the native valve itself as well as factors other than the
device itself, including:

a) patient comorbidities;
b) the underlying pathological process and whether it continues to progress;

c) pathology of the native tissue in the intended patient population (e.g. leaflet geometry and tissue
material properties in degenerative mitral valve disease);

d) the degree of haemodynamic improvement achieved;

e) technical factors involved in implantation;
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f) appropriate selection of available sizes and/or shape configurations;
g) the potential for adverse haemodynamic effect.

Imaging assessment is an essential aspect of the clinical investigation for patient selection, device
placement, and patient follow-up. To ensure optimal anatomic evaluation, device position, and functional
assessment, multiple imaging modalities (e.g. TEE, TTE, CT, MRI, fluoroscopy, PET) may enhance
assessment and should be used where applicable (see also Annex R). The latest imaging guidelines
from professional societies shall be followed in performing these imaging procedures. High quality
images shall be ensured by use of quality control systems. An independent Core Lab (core laboratories)
shall be used to carry out analy51s and 1nterpretat10n for plvotal studles Clinical site tralmng and
certification sha 3
Reference [3R]). Imaging follow-up time points shall be spec1f1ed and ]ust1f1ed and should be conpplete
at each speciffied time point.

The clinical ihvestigation plan (CIP) shall clearly define the objectives of the study. The CIP, shall specify
safety and efffectiveness endpoints (see Annex S), linked to study success criteria. The)CIP shall specify
study-related adverse events, including device and/or procedure-related adverse events in accorflance
with Annex () and published definitions. The definitions of the outcome measures_should be consfistent
with those gmployed in previous studies of heart valve repair devices, when.appropriate. The [study
design shall|include a pre-specified statistical analysis plan and success ¢riteria (e.g. new d¢vices
should be nop-inferior to standard of care).

The manufadturer is responsible for ensuring collection of appropriate information. The study design
shall be congistent with the aims of the CIP. For a given study, the.CIP and data collection forms should
be standardjzed across institutions and investigators. Studies,should employ measures to minimize
bias. The us¢ of an independent clinical events adjudication<éommittee to classify events againsft pre-
established driteria, and Core Lab are recommended for outcomes that might be prone to inter-obderver
variability.

Study monitgring shall be conducted in accordancewith ISO 14155. To ensure patient safety, a $afety
monitoring plan shall be established. Study oversight shall be provided by an independent data $afety
monitoring board for evaluation of patient safety and CIP adherence; the monitoring board shpll be
empowered fo make recommendations for er'dgainst study continuation.

Study desigrls may vary depending on the purposes of the assessment and/or the technology (novel
technology versus modification to well-established device). Study populations shall be representative
of the intendled post-market patient population, including aetiology and pathology. Further, studies
shall be designed to ensure colleéction of all CIP specified follow-up information in all subjects entered
into the study unless subjectS’specifically withdraw consent for follow-up. In this case, followtup in
these subjects will end at/the'time of the withdrawal except that, depending on local legal requirepents
relevant to syibject privaey, patients who withdraw consent may still be followed for survival.

As with all npw devices implanted within the cardiovascular system, explant analysis is vital as gart of
clinical assegsment. Valves and other devices explanted at subsequent surgical operations or at autopsy
should be agseSsed by independent cardiovascular pathologists with results of analyses reported in
accordance with the CIP including operative or autopsy photographs of the device in situ and after
explantation.

Different considerations may apply for pilot phase studies:

a) pilot phase studies are exploratory in nature and may not require pre-specified statistical
hypotheses. Robust interpretation of the results and their generalizability is usually limited, due to
the small number of subjects and participating clinical investigators;

b) the consent process shall inform the subjects of the pilot phase nature of the study and alternative
options;

c) limitation on rate of enrolment (e.g. evaluation of acute outcomes after each patient and before
treating the next patient);
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d) oversight of the study safety by a Clinical Events Committee (CEC) and/or Data Safety Monitoring

Board (DSMB) with defined study continuation criteria;
e)
f)

For modification of a marketed device, a clinical investigation shall be considered based on the risk
analysis. Clinical investigations are recommended for design changes of a marketed device that may
affect the safety and effectiveness (e.g. change in blood contacting materials, changes that alter the

initial assessment of device safety and effectiveness;

re-evaluation of risk / benefit ratio based upon study outcomes.

flow characteristics or haemodynamics, changes that affect the mechanical loading to the anatomy).

Impo
for st

7.4.2

Annu
(e.g. 1
3-din{
range

When
bands
that t

FTant dilferences between surgically implanted and transcatheter devices need to. b
idy design.

2 Direct Visualization Surgical Devices

oplasty rings or bands (complete and incomplete) have been used forymore than

hitral, tricuspid). They vary in their construction materials (rigid, semi-rigid or flex
ensional shape and in their surfaces exposed to the blood streani’and are usually §
of sizes. Biodegradable or absorbable annuloplasty devices are-also available for pag

used in degenerative disease processes causing primary regurgitation, annuloplas
are usually combined with surgical repair or reconstiuction of the leaflets and/o
he success of the procedure is determined primarily~by the surgical techniques us

annuloplasty ring providing support for the repair in addition to reducing the size of th

these
desig

When
great
impl
acco
Other

over
disru

th

cases, haemodynamic evaluation of the device itself is impossible, although other :
h and construction can be evaluated.

used alone in secondary regurgitation of\functional or ischaemic origin, the devig
er influence on the haemodynamic outcoime, although specific left ventricular patho
tation technique and sizing issueslean all have important effects and need to b
tin clinical investigations.

e considered

four decades
ible), in their
wvailable in a
diatric use.

ty rings and
r chordae so
ed, with the
b annulus. In
ispects of its

e itself has a
ogy, surgical
e taken into

factors which need to be evaluated in new surgical annuloplasty devices are stru
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fime and biocompatibility~(ih cases of new materials). Tissue erosion can lead;};suture line

btion and loosening of the“device, and excessive thrombogenicity can cause thro
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Cal repair of\atrioventricular valves that are regurgitant due to organic valvular or
's (primary‘or organic valvular regurgitation) shall be regarded as the standard on v
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rm complete
reduction in
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L assessment

5 définition of and the best possibility of correction of the mechanism of regurgitation in the
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dual patient. For all types of atrioventricular valve regurgitation (i.e. organic an

functional),

reparative efforts should be undertaken with the aim of a complete cure of the regurgitation, although
this may not be possible in all cases.

7.4.2.

3 Transcatheter Devices

Clinical evaluation of new transcatheter devices (indirect visualization) for valve repair carries many
of the caveats mentioned above for surgical annuloplasty devices in that many technical and patient-
related variables will influence outcome in addition to the device itself and will need to be accounted for
in clinical investigations. For example, these devices may cause complications specific to their modes of
access and device design (e.g. progressive mitral stenosis, coronary sinus perforation or thrombosis) or
compromise future surgical treatment.

Immediate 'procedural success' in the correct deployment of the device without complications and

some degree of reduction in regurgitation shall be followed with longer term evaluation to show that
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the reduction is maintained over time, an improvement of ventricular function, and that the device is
durable and does not cause thromboembolism or other design-specific complications. Completeness of
follow-up is essential.

7.4.3 Study endpoints

The choice and timing of primary and secondary study endpoints shall be driven by the study objectives,
the disease, the patient population, the technology, the post-operative treatment (e.g. heart failure
medication, antithrombotic medication) and anticipated risks. In general, endpoints shall consider
safety and effectiveness, time-related valve safety, quality of life, symptomatic and functional status,
and device and procedural success. Other tertiary or descriptive endpoints should be considered
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ethnicity, age (e.gvadult, paediatric) and other special patient populations as appropriate. The
shall be designed to ensure that patlent enrolment is sufficient to accommodate a spread of cllnical
experience and-ex : - on and
justification should also be made to account for any expected dlfferences in standard of care or patlent
outcomes based upon the geographic distribution of the intended patient or user populations. The
CIP shall specify and justify the planned number of institutions (including geographical distribution),
the minimum and maximum number subjects to be included for each centre, the maximum number
of investigators per institution, as well as the target patient population. Criteria relevant to the
qualification of sites and clinical investigators include:

study

a) sites:
1) suitable distribution of sites;
2) access to the defined patient population;
3) presence of alocal or central Institutional Review Board (IRB)/Ethics Committee (EC);
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4) qualified centres, following the guidelines on operator and institutional requirements
published jointly by the Society for Cardiovascular Angiography and Interventions (SCAI), the
American Association for Thoracic Surgery (AATS), the American College of Cardiology (ACC)
and the Society for Thoracic Surgeons (STS) (See Reference [6], [13], [40], [41]);

5) involvement of a multi-disciplinary heart team in patient selection;
6) expertimaging with accredited operators and facilities (see also Annex R);

7) appropriate study coordinator and other administrative staff associated with data collection
or coordination of the study;

8] adequate resources (€.g. facilities and equipment, security and storage, working space for
monitor(s) and additional equipment);

9) compliance with Good Clinical Practice (GCP), including but not limited to:\regulptory agency
and IRB/EC approval prior to study initiation; proper consenting of\all research subjects;
CIP adherence, with any deviation properly approved or documented; proper afdverse event
reporting; and adequate device accountability;

1D) experience with clinical investigations;

b

1) acceptable outcomes of previous regulatory inspections.
b) clinical investigators:

1) qualifications by education, training (by manufactuirer or medical experts), relevant experience,
and meeting all applicable regulatory requirements;

motivation to continue patient recruitmentand to undertake long term accurate fpllow-up;
prior clinical research experience in the relevant area;
enrolment history in previous related studies;

avoidance of competing studies (e.g. to avoid selection, channelling biases);

S U1 b W N

minimising potential conflict of interest. If there are substantial conflicts of intefest with the
manufacturer, such ‘conflicts must be managed, which should involve (but not necessarily
be limited to) consideration of the use of a non-conflicted physician for patient|recruitment,
informed consent;and reporting (See references [14], [26]).

7.4.6| Statistical.considerations including sample size and duration

The mpanufacturer is responsible for selecting and justifying the specific statistical methddology used.
The sjze, séope, and design of the clinical investigation shall be based on:

a) theintended use of the device;

b) the results of the risk analysis;
c) measures that will be evaluated;
d) the expected clinical outcomes.

A randomized controlled trial, assessing superiority or non-inferiority as appropriate, should be
considered to minimize bias when existing objective performance and safety metrics are inadequate.
Depending on the scope and objectives of the clinical investigation, other designs may be appropriate.

The decision to use a medical device in the context of a particular clinical procedure requires the
residual risk to be balanced against the anticipated benefits of the procedure in comparison with the
risk and anticipated benefits of alternative procedures (ISO 14971). If a comparable device is on the
market, the study control may be the comparable device or another active comparator, such as surgery
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or medical therapy. If a comparable device is not on the market, randomization against an appropriate
active comparator should be used. If the study uses a non-inferiority design, the non-inferiority margin
should be justified and, to the extent feasible, based on prior data from comparable devices.

For pivotal studies (single-arm or concurrent control), the sample size shall be justified and shall be
sufficient to enable assessment of the study safety and effectiveness endpoints of the heart valve repair
device in the intended population. Standard statistical methods shall be used to calculate the minimum
sample size with prior specification of a 5 % Type 1 error rate (one-sided). The statistical power,
confidence intervals and effect sizes to be detected shall also be specified. Sample size considerations
shall take into account the standard of care and available safety and effectiveness data (including post-
market or published data) on relevant therapies with similar intended use.

For a new heprt valve repair device, in a population with acceptable surgical risk, the sample sizg shall
include a mirfimum number of 150 patients receiving the subject device for each indicated valye lodation,
each of whorp is intended to be studied for at least 1 year (understanding that death occurriing piior to
1 year is captured and included in the 1-year follow-up analysis). In addition, at least 400-patient|years
of data are 1jequired in the pre-market setting to assess late adverse events (e.g. thhomboembplism,
device thrombosis, haemorrhage, infective endocarditis). The 400 patient-years criterion can be met by
further pre-market follow-up of the 150 patients beyond 1-year or by enrolmentef additional patients.
This aligns with sample size requirements for surgical valve replacement devices{see ISO 5840-2:2015).
If the populdtion to be studied is not of acceptable risk to allow surgery to be undertaken, a smaller
sample size may be justified based on a robust statistical analysis which takes into consideratign the
anticipated rjisk benefit profile. The approved indication for use shalkbe consistent with evidence gained
from the paflients studied. Departures from the recommended 400-patient year sample size sh@ll be
adequately juistified. Table 5 below provides a range of sample Gizes that will exclude an adverse[event
rate that is dpuble the expected rate.
Table 5 — Ratient-years required to exclude a linedrized event rate that is double the expdcted
rate with 80% power
Expected Adverse Event Rate | Adverse EyentRate to exclude (null Pati
hypothesis, H0), % per year atient-years
(% per year) ypo ) » /o pery
1,0 2,0 972
2,0 4,0 486
2,4* 4,8 400
3,0 6,0 324
4,0 8,0 243
5,0 10,0 194
6,0 12,0 162
7,0 14,0 139
8,0 16,0 122
9,0 18,0 108
10,0 20,0 97

The recommendation to collect 400-patient years of data is based upon the following considerations:
Using a null hypothesis that the actual adverse event rate is twice the event rate currently accepted
for similar devices (See Reference [20]), with probabilities of one-sided type one error of 5 % and
probability of type 2 error 20 % (power = 80 %), the sample size (in patient-years) is determined to
be 9,72/CR, where CR is the complication rate currently considered acceptable for similar devices. For
example, to detect a CR of 2,4 %/year or higher, this would require 9,72/0,024 = 400 patient-years (See
Reference [21]).

In addition to the requirements established above, the CIP shall specify the total duration of the study,
including long-term patient follow-up which may continue in the post-market setting (see also 7.4.10).
The study duration shall be established based on the specific purposes of the study as identified by the
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risk assessment, the intended application, the outcomes measured, and, if relevant, the type of device
modification. The intended application includes the disease and population for which the device is
intended, including the expected duration of survival in such a population without the device at issue
and survival in patients treated with an available active comparator.

7.4.7 Patient selection criteria

The inclusion and exclusion criteria for patient selection shall be clearly defined. The intended patient
population shall be specified and any salient differences between the intended population and those
studied shall be justified. The study should only include subjects who are willing and able to participate
in the follow-up requirements.

The fpllowing aspects should be taken into consideration when developing inclusion a|nd exclusion
criterfia to ensure that the expected benefit of treatment outweighs the risk to subjects:

a) pptient demographics (e.g. age, gender, ethnicity);

b) diisease aetiology (e.g. stenosis, primary or secondary regurgitation);

c) severity of valve disease;

d) symptomatic versus asymptomatic patients;

e) predicted risk of surgical morbidity or mortality (e.g. STSScorel13], logEuroSCORE[31]);

f) cp-morbid conditions (e.g. myocardial infarction, other valve disease, coronary dr peripheral
afrtery disease, atrial septal defect, patent foramentovale, infective endocarditis, rhepmatic heart
diisease, degenerative neurological disorders, frdilty, previous cardiac interventions,|prior stroke
of systemic embolism, chronic kidney disease,hematologic disorders, chronic lung didease);

g) ventricular function and chamber size~(e.g. ejection fraction, systolic/diastolic dimension or
vplumes);

h) hpemodynamic stability (e.g. mechanical circulatory assist devices, inotropic support]);

—
—
%]

irgical status (e.g. elective,urgent, emergent, salvage);

=t

j)

k) life expectancy;

lerance for procedural/post-procedural anticoagulation or antiplatelet regimens;

1) device/procedufe -Specific anatomical considerations (e.g. valve size, calcificatio]]lE, congenital
apnormalitiesyaccess site conditions, device placement location, ability to tolerate TEE);

m) afcess to'sufficient follow up treatment (all types of physical and medicinal therapy).

7.4.8| cClinical data requirements

7.4.8.1 General

Clinical data, including adverse events, shall be recorded for all subjects in the study as required by
ISO 14155. Consideration and appropriate justification should be made for the collection and analysis of
site reported versus Core Lab adjudicated data.

The CIP shall include an explant pathology protocol with detailed instructions for evaluation by an
independent cardiac pathologist (including operative or autopsy photographs) and instructions for the
return of the explanted device to the manufacturer, where appropriate. Whenever feasible, the explanted
device shall be subjected to appropriate functional, imaging and histopathological investigations. In the
event of subject death, valuable information about implanted devices can be obtained by autopsy which
should be encouraged whenever possible.
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If any of the above data are deemed not applicable, a justification shall be provided.

7.4.8.2 Baseline

The following data shall be collected:

a)
b)

c)

d)

f)

g)

h)

If any of the above data are deemed hot applicable, a justification shall be provided.

7.4.8.3 Peri-Procedure Data

The following data shall be-collected:

a)
b)

‘)
d)
e)
f)

g)
h)

32

demographics (e.g. age, gender, ethnicity);
baseline information (e.g. weight, height, blood pressure);

co-morbidities (e.g. liver, kidney and lung disease, substance abuse, smoking history, diabetes,
hypertension, hypercholesterolemia);

cardiovgscular diagnosis (e.g. valvular lesion and aetiology) and co-existing cardiovagcular
diseases| (e.g. heart failure, cardiomyopathy, aneurysm, cerebral vascular disease; peripheral
vascular| disease, coronary artery disease, history of endocarditis, history of thromb6embplism,
previoud myocardial infarction), and cardiac rhythm;

New York Heart Association (NYHA) functional class and relevant (Seciety of Theracic
Surgeonp Predicted Risk of Mortality (STS-PROM) score or logistic European System
for Cardjiac Operative Risk Evaluation (logEuroSCORE), or both (STS Score is recommend¢d for
all subjelcts). Frailty and quality of life indicators and/or exercise tolerance tests should also be
considered (see references [13], [31], [33], [42], [43]);

previoud relevant interventions (e.g. coronary artery bypass, coronary artery angioplasty,
percutanpeous valvuloplasty [position], operative valvuloplasty [position], valve repair [posjtion],
previoud heart valve implantation [position], peripheral yaséular interventions);

echocardliographic and other relevant imaging data teiprovide cardiac haemodynamic, geometric,
and fungtional information (e.g. ventricular function), to characterize the diseased valve gnd to
assess irhplant site and annulus size;

relevantlimaging data for assessment of poténtial deployment approach;

haematdlogical studies assessing hepatic, cardiac and renal status, and including haematological /
coagulatjion profile.

name of pperatoi(s);

utilizatipn Aime (e.g. procedure room entry/exit time, access site entry/exit time, length of
hospital|stay);

date/time of procedure;
type of procedure suite (e.g. operating room, hybrid room, cardiac catheterization laboratory);
methods of anaesthesia (e.g. general, local, conscious sedation);

medications, including start/stop, dosage, changes, change justification (e.g. antithrombotic
regimen, inotropes);

list of all procedural devices (e.g. guidewires, catheters, introducers);

list of monitoring devices (e.g. arterial line, pulmonary artery catheter, pulse oximetry);
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D)

If any|of the above data are deemed not applicable, a justification shall be provided.

7.4.814 Follow-Up Data

ISO 5910:2018(E)

mechanical circulatory assist devices (pre, intra, post-procedural), and associated parameters (e.g.
activated clotting time, core body temperature, cardiopulmonary bypass time, inotropic support,
cardiac arrest time);

imaging modalities (e.g. fluoroscopy, TEE, TTE, CT);
any changes from original diagnosis;

heart valve repair device (e.g. type, models, sizes, device identifier), implantable ancillary devices
or accessories;

any concomitant interventions or procedures;

¢}

ements of procedure, including any adjunctive procedures performed (e.g. ¢omntrast volume,
ndiation dosage (see Reference [35]), embolic protection, rapid pacing);

—

afcess site and technique (e.g. sternotomy, thoracotomy, transfemoral, transapical);

QO

5sessment of implant site and annulus size, or other relevant sizing measure of patient;
precise anatomical implant position in relation to leaflets, tissue anrulus;

apsessment of handling, visualization, deployment, orientation; implant location arjd insertion/
rithdrawal of delivery system, where appropriate;

=

[ocedural complications, including acute interventions$.fe.g. conversion to surgery);

antitative and qualitative evaluation of deployéd device by echocardiography gnd/or other
blevant imaging and haemodynamic modalities;cas defined in the CIP. At a minimym, pressure
radient and degree of regurgitation should be-documented.

Folloy-up data shall be collected at 30 days, at least one specific time point between 3 and| 6 months, at
one ypar, and at a minimum anntially thereafter until the investigation is completed, as defined in the
CIP. Physical examination of patients is recommended. The following evaluations should be performed at
all follow-up assessments unléess an adequate risk analysis justifies a less frequent intervgl. Depending

on the investigational deSign, additional data collection times might be appropriate.

The fpllowing data shall be collected:

a)

b)
‘)
d)
e)
f)
g)

h)

date, type (iwperson, telephone), location and type of health care professional perfoiming follow-
up (e.g. investigator, primary care physician, nurse);

results'of physical examination;

New York Heart Association functional class (see Reference [43]);

health-related quality of life indicator(s);

functional assessment (e.g. 6 Minute Walk Test [43], peak VO3);

device assessment (e.g. implant location, geometry, structural integrity, orientation);

haemodynamic evaluation by Doppler echocardiography, or other relevant methodology (the
methodology chosen should be consistent for consecutive studies, see Annex R);

heart rate, rhythm and conduction abnormalities;

tests for haemolysis (e.g. plasma free haemoglobin), if clinically indicated. Other blood tests may be
indicated;
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j) status and duration of anticoagulant and/or antiplatelet therapy (e.g. International Normalized
Ratio (INR) history);

k) cardiovascular medications (e.g. heart failure and antiarrhythmic medications) including start/
stop dates, dosage, changes, change justification. It is recommended that this information also be
collected on other medications;

1) adverse events as specified in Annex Q;

m) concomitant therapies, (e.g. cardiac assist, need for pacing);

n) complete operative report for reoperations or conversion to surgery;

o) date and cause of death;

p) explant analysis and autopsy report, if performed.

If any of the above data are deemed not applicable, a justification shall be provided.

7.4.9 Clinical investigation analysis and reporting

The Clinical
shall includd
population).
who did not

Investigation Report shall comply with ISO 14155. The Clinical Investigation R
information on all subjects for whom implantation was-planned (the “intent-to-
For randomized studies, the groups shall include all randomized subjects, even
receive the implant. Additional analyses shall be performed on the subjects who ac

eport
treat”
those
tually

received the
randomized

implant (see also Annexes Q, R and S). Justification‘shall be provided for those who| were

Lo but did not receive an implant.

with
h pre-

Clinical inve
subsequent d
and post-ma

a)

Stigations shall be registered on applicable.¢linical trial websites upon initiation
utcomes reported, including disclosure of both positive and negative results. For bot
ket studies, the following principles shall be followed:

hall state the percentage of follow-up-completeness, the reasons for patients lost to fopllow-
brovide the total number of patient follow-up years to permit linearized rate calculations
'se events;

reports
up, and |
for adve
b)

if invest hge of

patients

gations have been conduc€ted during follow-up (e.g. echocardiography), the percent
receiving the investigation and how they were selected shall be stated;

if the
leath,
imply
use of

hall be made to asé¢eptain the cause of death, including contact with local physicians
patient lied elsewhere, ‘ebtaining details of any investigations performed shortly before
and authpsy data andrexplant data if available. Reliance on national healthcare databases to s
record that death has.eccurred is insufficient. A high percentage of patients with unknown ca
death rafses suspicion of device-related deaths.

efforts s

7.4.10 Postrmarket clinical follow-up

Prolonged post-market follow-up is essential to capture long-term data on less common or unanticipated
adverse events, on adverse events which are time-related (e.g. structural deterioration, adverse effects
on native valve anatomy) and on long-term performance. The initial cohort of patients included in pre-
market clinical investigations shall continue to be followed in the post-market setting. These patients
are the best source of valid long-term data because they will have been extensively studied in the pre-
and peri-operative periods with full documentation, and because overall mortality and adverse event
rates can be calculated. Reasons for removing individual patients from longer-term follow-up shall be
documented. To facilitate prolonged follow-up and avoid the need for re-consenting patients, informed
consent that includes details regarding the planned duration of follow-up in the post-market period
should be obtained at the time of initial clinical investigation consent.

Post-implant follow-up of the pivotal phase cohort shall be conducted in accordance with 7.4.8.4 of this
document for at least 5 years.
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Further follow-up to 10 years post implant shall be conducted on the pivotal phase cohort with endpoints
designed based upon risk assessment and device claims. The 10-year post-implant study should collect
safety and effectiveness data (e.g. death, cause of death, stroke, thromboembolism, quality of life, valve
reintervention). In certain situations, 10-year follow-up might not be feasible (e.g. high-risk patients,
elderly) and the follow-up duration shall be justified.

Beyond the initial pivotal phase cohort of patients, it may be appropriate to obtain clinical data
from additional users and patients representative of the real-world clinical setting. This shall be
performed with patients enrolled prospectively in a post-market clinical follow-up (PMCF) study and a
methodology employed to minimize bias in patient selection.

nt of follow-
up yeprs in all reports to allow calculation of adverse event rates, and generate scientifically valid high
quality data (i.e. reliable and robust) that is capable of generating the relevant evidence needed for
inforigned clinical and regulatory decision making. If data from individual registries arg to be relied
upon [for post-market follow-up, there should be independent verification that all consecytive patients
are eptered and that all receive the same type of follow-up. Registries-should also have safety alert
mechpnisms in place to permit regular review of the data.

The plrl‘inciples of long-term post-market follow-up apply to the presmarket patient cohort, apy additional
patients enrolled within a PMCF study, and to patients in registfies:

a) common CIP shall be implemented to ensure accurate.:and complete long-term follow-up which is
ucial in identifying all adverse events and the performance or effectiveness of the dgvice;

O QO

b) f¢llow-up shall occur prospectively at regular ‘pre-specified intervals on a face-fo-face basis
wherever possible, preferably with an independent physician, rather than telephorie contact or
plstal or email questionnaire;
fi

pllow-up should include physician,examination of the patient wherever possiple and any
blevant investigations and imagingi.The percentage of each follow-up method shall|be reported.
Retrospective data collection, especially after a long interval, has been shown to underestimate
aflverse event rates.

—

© IS0 2018 - All rights reserved 35


https://standardsiso.com/api/?name=2b1dff2ed8d77258f496989976c5b99e

ISO 5910:2018(E)

Annex A
(informative)

Rationale for the provisions of this document

A.1 Rationale for risk based approach

The rational¢ for basing this document on risk management is that the traditional requirementss
model cannoft keep up with the speed of technological innovation. With the requirements-based 1

based
hodel,

manufacturdrs spend their time looking for ways to comply with the requirements of this/-docujment,

rather than dn developing new technologies that could lead to inherently safer products:The risk-

model chall
to develop t
appropriate

This docume
practice met
of the risk as

to identify the requisite testing and analysis necessary to evaluate the risk associated with each sp
Annex G for additional details related to this risk-based approach. The brainstoriing/

hazard. See
decision mak
manufacture
may choose
the method
ISO 14971 sh

The risk-bas
manufacture
regarding s3
improvemen
a device und
evidence of

A.2 Ratig

The overall ¢
valve repair
conditions.

based

ges the manufacturer to continually evaluate known and theoretical¢isks of the device,

e most appropriate methods for reducing the risks of the device, and to impleme
est and analysis methods to demonstrate that the risks have beenreduced.

hods for verification testing appropriate to heart valve repairdevice evaluation. The
sessment is to identify the hazards along with the corresponding failure modes and d

ing/documentation process inherent in risk manageément provides the opportunity fl
r to evaluate the best practice methods included-within this document. The manufad
fo follow the best practice method as defined*within this document, or may deviate
hnd provide a scientific justification for deing so. The risk management file requir
ould document these decisions, with rationale.

ed model requires a collaborative” environment between the device developei
) and the body responsible for verifying compliance with the applicable regu
fety and effectiveness of the -device. The manufacturer should strive for conti
L in device design as well as test methodologies that can ensure safety and effectiven
br variable operational éhvironments, with less reliance on years of patient experien
erformance or effectiveness.

nale for préclinical in vivo evaluation

bjective of preclinical in vivo evaluation is to test the safety and effectiveness of the

The preclini

nt the

nt combines a requirement for implementing the risk-based model with a listing off best

ntent
auses
ecific

or the
turer
from
ed by

(the
lation
nuous
ess of
ce for

heart

Hevicedna’biological environment with the closest practically feasible similarity to human

ation.

Therefore, it should provide the regulatory body with an appropriate level of assurance that the heart
valve repair device will perform safely.

No single uniformly acceptable animal model has been established. Therefore, the animal model(s)
selected should be properly justified in order to ensure the highest degree of human compatible
conditions for the heart valve repair system pertinent to the issues being investigated. Since chronic
studies are conducted to elucidate heart valve repair device functional performance, biological
responses, structural integrity, and delivery system and valve-related pathology in a specific anatomical
position, it is preferable to undertake this longer-term testing of the device in anatomical positions for
which it is intended. Modifications to the anatomical structures in the preclinical in vivo animal model
may be necessary based on how the heart valve repair device configures to the surrounding anatomy
and repairs the functioning of the heart valve post-implantation.
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The concurrent implantation of an active comparator device enhances the comparative assessment
by providing a bridge to known clinical performance. In addition, such an approach facilitates the
distinction between the complications related to the active comparator device versus those of the heart
valve repair device under test.

A.3 Rationale for design verification and design validation testing

Verification and validation testing includes materials testing, preclinical bench testing, preclinical in
vivo evaluation, and clinical investigations. Although clinical investigations are usually considered to be
part of design validation, some of the requirements established under design input might be verifiable

only

nder clinical conditions The tests Qpprifipd herein do not purpart to comprise a romp]ete test

progr
part

safety
inclug
equiv

The n
and a
the fi
proce
includ
the d
shoul
desig
data

packa

apprd

For a
conce
analy]

The u
since

amme; a comprehensive test programme for the heart valve repair device should-}
pf the risk assessment activities. Where the manufacturer’s risk assessment cencly
r and effectiveness will be better demonstrated by other tests or by modifying the
led in this Standard, the manufacturer should include in the risk assessmentia justif
alence or superiority of the alternative test or test method.

nanufacturer should validate the design of the heart valve repair device, its packag
Ccessories. For a new heart valve repair device, design validation typically occurs in ty
st phase, the manufacturer reviews the results of all verification testing and the m
ss validations deemed critical to safety prior to the first-htiman implant. The rev
le analysis of the scientific literature, opinions of clinicianis’and other experts who

d be that the device is safe and suitable for humarglinical investigations. The sec
n validation occurs in conjunction with the outconiés of the pre-market clinical inveg
rom the approval phase clinical investigation should be reviewed to ensure that tl
ging, labelling and accessories are safe and suiitable for their intended use and read
val. These validation activities should be documented.

modification to an existing heart _yalve repair device design or manufacturing
pts of verification and validation cofitinue to be applicable but might be limited in sc
Kis should define the scope of thé verification and validation.

se of clinical grade materials’and components, as opposed to generic test samples,
fillers, additives, and processing aids can have profound implications on materig

Testing should be designed to-evaluate areas where materials are joined (e.g. welded, sutuf

since

A4

Echoc
meth

these are potentialakeas for failure.

Rationalefor imaging assessment

ardiography and Doppler echocardiography are presently accepted as practical 3
bds ferevaluating human cardiac function and the function of heart valve repair d

imagi

gmodalities (such as fluoroscopy, CT, and cardiac MRI) are complementary to echoc

e defined as
ides that the
fest methods
cation of the

ing, labelling
o phases. In
hnufacturing
iew can also
will be using

pvice and comparisons to historical evidence from similar designs. The output of the review

bnd phase of
tigation. The
he device, its
y for market

method, the
ppe. The risk

is important
| properties.
ed, or glued)

nd available
bvices. Other
ardiographic

assesgment. The accuracy of these diagnostic procedures depends upon the skill of {

he operator.

Therefore, all investigating institutions involved in the clinical evaluation of a specific heart valve
repair device should employ the same imaging protocol and quality assessment (see Annex R).

A5

Recommendations for reporting endpoints are contained within several publications

Rationale for clinical evaluation reporting

(See

references [22], [25], [38], [39]). The purpose of these guidelines is to facilitate the analysis and reporting
of results of procedures on diseased cardiac valves. The definitions and recommendations are designed
to facilitate comparisons among different clinicians, cohorts, delivery techniques and devices. A heart
valve repair device undergoing clinical evaluation should function as intended, with valve complication
rates within broadly acceptable performance criteria limits, based on published follow-up studies or
based on the control group active comparator. To enable appropriate risk assessment, preoperative,
peri-operative and follow-up data should be collated, analysed and reported.
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The clinical evaluation of a heart valve repair device after implantation requires documentation of
specified complications (see Annex S). A new or modified heart valve repair device should perform as
well as existing heart valve repair devices. Where appropriate, randomized clinical trials should be
conducted comparing the heart valve repair device against surgically implanted heart valve substitutes,
heart valve repair procedures, substitutes or medical therapy. The clinical evaluation also requires
formal statistical evaluation of the clinical data rather than descriptive statistics. Unanticipated valve-
related complications will be reported and evaluated prior to the completion of the formal methods of
overall performance evaluation. Statistical evaluation methods and assessment criteria of clinical data
could be different between the populations studied, including paediatric and adult study populations.
Given the perceived significant risks associated with heart valve repair devices and the unknown
durability of such devices, post-market surveillance protocols should be established.

A.6 Rationale for device configuration within labelling and instructions for use

bvices

Sizing may H
may be con
manufacture
or precautio
optimal devi
device or the

A.7 Ratio

There is a

human facto
development
may result i
warnings an

38

e a relevant parameter for some heart valve repair devices, while some ‘repair df
figurable in the anatomical location in some way beyond just size, désignationg
r should provide clear instructions (along with special handling conditions, warnings
ns) on how to configure the repair device in the intended anatomical location, to e
ce functionality. Any changes that may occur in the sizing or configuration of the 1
surrounding anatomy after implantation should be presented in the instructions for

nale for human factors engineering

published human factors standard, IEC 62366¢1. Manufacturers should incory
Ir's engineering into their overall product development process to ensure the desig
of safe, effective, and easy-to-use heart valve‘repair devices. Human factor aspect
1 errors during implantation of the heart walve repair device should be presented
1 /or precautions in the labelling.

. The
and/
nsure
epair
use.

orate
n and
s that
n the
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Annex B
(informative)

Examples of heart valve repair devices and delivery systems

B.1 General

This gnnex provides examples of heart valve repair devices and delivery systems that ap¢ intended to
imprgve heart valve function. Refer to Clause 1 for the scope of this document.

B.2 |Examples of heart valve repair devices

Key
cpvering

stiffening element
3 sfituring markers

Figare B.1 — Example A: Surgical annuloplasty device
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~_, .

Key

1 covering

2 adjustablg stiffening element

3 connectof to annuloplasty ring
4 adjustmept activation cable

5 connector to adjustment system

Figure B.2 — Example B: Adjustable annuloplasty device

Key

1 distal anchor

2 proximal anchor
3 bridging segment

Figure B.3 — Example C: Coronary sinus reshaping devices
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Key

[N
(@)

mpliant external mesh

N
=

esh anchors/attachment

Fi function

Key

leaflet grasping arms

device attachment to delivery system
native mitral valve leaflets

left atrium

Ul s W N

aortic valve

Figure B.5 — Example E: Leaflet clipping device
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Key

B W N R

Key
1
2
3

42

synthetic|chord

valve leafl|et
ventriculgr wall
chordal aftachment to

Figure B.6 — Example F: Artificial chordae device implanted percutaneously

coronary [sinus afichor

septal an¢her

ventricle

&

bridging segment

Figure B.7 — Example G: Septal shortening device
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Key

1  ventricular pad

2 bfidging element

3 njitral valve leaflets
4  l4ft atrium

Figure B.8 — Example H: Ventricular reshaping device intended to improve valve

B.3 [Examples of heart valve repair device delivery systems

function
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Key

1 deploymgnt balloon 5 outer sheath sedl

2 introducqr sheath 6 articulation level

3  introducdr sheath valve 7  guidewire lumen

4 outer shepth 8 inflation port

Figure B{9 — Example I: Delivery system for balloon expandable heart valve repair device
....... M pgrprreeie S e ﬁ Ry
?:? — ;3‘?'-_7—1“.‘&5“??‘0-_*“‘5‘:‘\ F-. {
=N R AT N
=
1

Key

1 leaflet capturing jaws

2 operator handle

Figure B.10 — Example J: Delivery system for leaflet capturing device
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Annex C
(normative)

Packaging

Requirements

The plackaging requirements of ISO 11607-1 and -2 and of ISO 14630 shall apply.

C.2

Packd
delive

by nofmal transit or storage. Implants labelled “STERILE” shall be packageéd so that they m

initia] sterility assurance level under specified storage, transport and handling condition]
packdge that maintains sterility is damaged or opened.

C.3 |Containers

C.3.1 Unit container(s)

The h|leart valve repair device, delivery system (if\applicable), and accessories shall be pac
contaliner(s) that meet the requirements of ISQ, 11607-1 and -2.

C.3.2 Outer container

The unit container(s) shall be packaged in an outer container(s) (sales/storage package) t
unit dontainer(s).

Principle

ging shall be designed to ensure that the user is provided with a _heart valve r
ry system (if applicable), and accessories whose characteristics and-performance 4

bpair device,
re unaltered
aintain their
s, unless the

kaged in unit

p protect the
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Annex D
(normative)

Product labels, instructions for use, and training

D.1 Requirements

D.1.1 General
The labelling requirements of ISO 14630 and ISO 15223-1 and -2 shall apply.

Labels, instrjuctions for use and training programmes shall be designed to ensure’that the ulser is
provided witlh information on handling, implanting or adjusting the heart valve repair device, and shall
be approved jand reviewed as part of the risk and quality management systemssabels and instru¢tions
for use shall meet country-specific language requirements.

D.1.2 Unit-container label
Each unit coptainer shall be marked with the following information:

— name or|Trade Name;

— model njimber;
— serial/ll number;

— size/ conjfiguration and device type, if applicable;

— the word “Sterile” or symbol if applicable.and the method of sterilization;
— for sterile devices, the use by date of:the expiration date;

— stateme]\t regarding single use only (if applicable);

— referencp to see instructionsfor use for user information.

D.1.3 Outg¢r-containerlabel
Each outer container.shall be marked with word(s), phrase(s) and/or symbol(s) for:

— name or|Trade Name of device;

— name, address and phone number of manuiacturer and/or distributor and other methods of
contacting the manufacturer (e.g. facsimile number, email address). It may also be necessary to
have the name and address of the importer and authorized representative of the manufacturer
established within the importing country;

— model number;

— serial/lot number;

— size/ configuration and device type, if applicable;
— net contents;

— the word “sterile” or symbol and method of sterilization if applicable;

46 © ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=2b1dff2ed8d77258f496989976c5b99e

D.1.4 Instructions for use

Each heart valve repair device shall be accompanied by instructions for use that shalkincl

ISO 5910:2018(E)

for sterile devices, the use by date or the expiration date;
statement regarding single use only (if applicable);

devices intended for clinical investigations shall bear identification that the device is
investigational use only;

any special storage or handling conditions as indicated in the device specification;
warning against use of the device if the unit container has been opened or damaged;

reference to see instructions for use for user information.

intended for

npme or trade name of device;

bntacting the manufacturer (e.g. facsimile number, email address)-It might also be
imclude the name and address of the importer or an authorized representative of the n
eptablished within the importing country;

npme, address and phone number of manufacturer and/or distributor and other
c

—

bvision level of IFU and implementation date;
ngt contents;

mdications for use (the approved indications for use shall be fully consistent with evi
from the patients studied);

[

apy known contraindications;

device description including available models and user required dimensions;
description of any accessories required and reference to their instructions for their us
imformation on how the deyice is packaged/supplied;

the word “sterile” or symbol and method of sterilization if applicable;

statement that the:device can or cannot be re-sterilized;

2]

fatement regarding single use only (if applicable);

devices_intended for premarket clinical investigations shall bear identification that
tendedfor investigational use only;

—n

iIde at least:

methods of
necessary to
nanufacturer

Hence gained

®

the device is

o)

hy_special storage or handling conditions;

warning against use of the device if the unit container has been opened or damaged;

any warnings regarding handling, implanting or post-procedural adjustment of the device;

any other warnings or precautions specific for the device (e.g. concomitant procedures, use with

other devices, risk of radiation exposure due to fluoroscopy);

instructions for resterilization (if applicable) including the maximum number of resterilization

cycles, parameters which have been proven capable of achieving sterility of the
appropriate information relevant to other methods, apparatus, containers and packag

specific instructions for device preparation (e.g. rinsing requirements for devices store
solution);

© ISO 2018 - All rights reserved
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configur

list of po

specific instructions for implanting or using the device;

ation;

tential complications;

summary of clinical experience if required;

regarding MRI compatibility;

specific instructions for sizing target implant site and selecting appropriate device size or

the appropriate MR Safety designation (MR Conditional, MR Safe, or MR Unsafe) and a statement

post-pr

any info
patient.

D.1.5 Lab¢

The manufad
device that ¢
shall contain
repair device

The size of tH
size shall be

o dail a3 43 £ £o11 L = H 43
CUUI U TULUUIIIITICIIUAdUIUIIOS 1 Cscu Luus PGLICIIL ITUITUVV ulJ auul Ul IIICUICdtlivll,

‘mation or instructions which are intended to be communicated from the physician

ls for medical records

turer may provide peel-off, self-adhering labels, or equivalent, withreach heart valve 1
nables transfer of device information to the appropriate records.If provided, each
: the name or model designation, size/ configuration, and serialiumber of the heart
,and manufacturer identification, as applicable.

e labels shall be sufficient to display the required information in a legible format. Exc

hvoided. The number of required labels may vary based on individual country policigs.

D.2 Trai

If required
for the physi
programme

necessary to
for use. Trai
training.

The training

contra-ildications;yprecautions, warnings, potential adverse events, pre-procedure set-up,

:Iing for physicians and support staff

the risk assessment, the manufacturer shall establish a structured training progr:
rian and staff who will be involved in the’peri-procedural care of the patient. The trz
chall be designed to provide the physician and staff with the information and expel
control user-associated risks when'the device is used in accordance with the instru
hing records shall be maintained as evidence that physicians have received appro

programme shall include the following elements, where appropriate:

on of all system cdmponents, including the heart valve repair device and delivery sJ
s a summary of the'basic principles of operation;

e review of the instructions for use including the indications for use, patient sele

re, implant procedure, and post-procedure patient care;

to the

epair
label
valve

bssive

[72)

imme
1ining
rience
rtions
priate

ystem

ction,
5izing

review orimaging requirements for implanting the device such as fluoroscopy, CT, TTE, MRI an(|1 TEE;

a) descript
aswell a
b) complets
the devi
9
d)
e)
system);
f)
g)
48

hands-on bench top demonstration of the device and delivery system in a simulated model;

a clinical training programme, including proctored cases;

user verification/validation, determined by pre-defined criteria.

use of the device in a cadaver, or animal models or other appropriate models (e.g. robotic simulation
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Annex E
(normative)

Sterilization

E.1 General

The sterilization requirements of ISO 14630 shall apply, together with the following.

For devices or accessories supplied sterile, sterilization shall occur by an appropriate
shall pe validated in accordance with internationally recognized criteria, as specified in
ISO/TS 17665-2, ISO/TS 17665-3, 1ISO 11135, I1SO 11137-1, ISO 11137-2, ISO21137-3, IS

method and
ISO 17665-1,
D 14160, and

ISO 1#937. If the manufacturer states that the heart valve repair device,ean’be re-sterilized prior to

implantation, adequate instructions in compliance to ISO 17664 shall be-previded by the n
including validated parameters that have been proven capable of achieving sterility of the

For any reusable devices or accessories, the instructions for ise shall contain inform
apprdpriate processes to allow reuse, including cleaning; “disinfection, packaging,
apprdpriate, the method of sterilization, and any restrictionien‘'the number of reuses.

lanufacturer,
device.

Qtion on the
and, where

© ISO 2018 - All rights reserved
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Annex F
(informative)

Heart valve repair system characteristics

F.1 General

This annex
inclusion in 1
as appropria

F2 Chardg
— device id
— available
— compong
— structur
— non-stru
— compong

— deploym
antegrag

— intended
muscles,

— howthe
or progr

— retrieva

— repositic

— orientability;

— post-impg

contains characteristics for heart valve repair systems that should be considers
he design documentation. This may include written descriptions and technical’dra
fe.

Icteristics of heart valve repair device

entifying name (refer to Annex B for examples);

sizes/ configurations, device identifying dimensions, and intended anatomical dimen
nts and total number of each (e.g. 2 chords, leaflets, support structure, coating);

hl materials (e.g. stainless steel, nitinol, titanium, polymer);

ctural materials (e.g. pericardium tissue, polymer);

bnt-joining materials/methods (e.g. suture materials, adhesives);

ent mode or anchoring techniques, (e:g. self-expanding, balloon expanding, sut
le/ retrograde deployment);

implant position (e.g. aortic, mitral, tricuspid, pulmonic, coronary sinus, atrium, pag
ventricles);

Hevice connects or interacts with the intended implant site, immediately after implan
pssively post-implantation;

hility;

nability;

laritadjustability;

d for
vings

sions;

iring,

illary

ration

— locations of radiopaque markers;

— implant sizing;

— inter-device functionality and deployment considerations;

— device storage media.

F.3 Characteristics of delivery system

— delivery

— delivery

50

approach (e.g. transfemoral, transapical, transseptal, intercostal);

tools/catheters;
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— guidewire;

— introduction sheath;

— balloon;

— crimping/loading tool;

— access port;

— description of the delivery tools/controls in relation to exchange mechanisms involved during
implantation (e.g. suturing, description of locking mechanisms);

— a

— diisposables.

F.4

Any ¢
and 4
devic

E.5

A bri
proce
under
room

NOTE

F.6

Any a

(e.g. s
and tl

Hditional accessories;

Chemical treatments, surface modifications, or coatings

hemical treatments, surface modifications, or coatings used, including primary fixa
ny anti-calcification, anti-infection, or anti-thrombotic treatments should be docy
b-drug combination products, elements of ISO 12417 may beapplicable.

Implant procedure

ef description of the recommended implant procedure or technique, along with in
dures, should be documented. The manufacturer should describe the environment
which the implantation procedure is intended to be conducted (e.g. sterile techniqy
environment).

See Reference [40], [41].

Accessories

ccessories thatare to be used in conjunction with the heart valve repair device and its
izers, guidewires, introducer sheaths, balloon catheters, loading tools, etc.) should
1eir materials of construction should be provided.

tion of tissue
mented. For

hplant sizing
hl conditions
e, procedure

implantation
be described

© ISO 2018 - All rights reserved
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Annex G
(informative)

Heart valve repair system hazards, associated failure modes and

evaluation methods

G.1 Gene

Asoutlinedi
and testing.

with devices
of these hazd
based appro
plans are pr¢
information

G.2
Provided bel

Hazal

Harm - i

IEC Guide 51:2014, 3.3; Reference [8]]

Hazard A

Failure 1

Typical haza
in Table G.1.
that are appl

NOTE Fo
information a
a figure of ac
well as an infi
abnormal use

ral

bw are definitions to essential risk assessment terms:

ficable to heart valve repair devices.

h Annex A, this document utilizes a risk-based approach for heart valve repair dewvice ¢
['his risk-based approach requires a comprehensive assessment of the hazards asso
under consideration, the appropriate failure modes and methods of evaluating the ij
rds as well as efficacy of risk mitigation efforts. This annex provides gifidance on thg
ich as relevant to heart valve repair devices. In addition, two examples)of risk managg
sented in Tables G.2 and G.3 to demonstrate potential approaches.to this assessmen
presented in this annex is not intended to be all-inclusive.

rds, failure modes, and evaluation methods

hjury or damage to the health of people, or damage to property or the environment

potential source of harm [ISO/IEC Guidey51:2014, 3.5; Reference [8]]
hode - cause of the hazards

ds, examples of their associated failure modes, and possible evaluation methods are
[his list is not intended to be\all-inclusive but representative of hazards and failure 1

guidance on how td_identify and assess potential device-related use errors, and ext
bout use-related hazatds, failure modes, and evaluation methods, see IEC 62366-1, which in
pmparison of therisk management process (ISO 14971) and the usability engineering proc
brmative annex'on categories of user action and an informative annex on examples of use ¢
and possible-causes.

esign
iated

mpact
e risk-
bment
t. The

[1S0/

given
nodes

bnsive
cludes
PSS, as
Irors,
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Table G.1 — Heart valve repair device possible hazards, associated failure modes and
evaluation methods

structural deterioration, suture breakage/
pull-out, suture hole elongation, device

Hazard Possible failure mode(s) Possible evaluation method(s)

Valve stenosis Pannus overgrowth, excessive device and/ |Pulsatile-flow pressure difference, wear/du-
or leaflet deformation, device structural |rability testing, device fatigue testing/anal-
deterioration, excessive device recoil, ysis, device creep testing, device migration
device migration and/or embolisation, ad- |testing, device recoil testing, pre-clinical
jacent leaflet thickening, device crushing |in vivo evaluation with echocardiographic
during CPR, incorrect device implantation, |characterization, cadaver evaluations, ex
implantation of multiple devices vivo evaluation, biocompatibility assessment,

clinical evaluation

Increpsed Native leaflet tear, abrasion, delamina- Pulsatile flow regurgitation testing, valve

regurgitation tion or shrinkage, native leaflet prolapse, |prolapse testing, material charagterization,
excessive device deformation, device device creep testing, durability festing,

device fatigue testing /analysis,

in vivo evaluation with echocardiiographic

bre-clinical

procgdure related

or generated during device delivery or
delivery system fracture, incorrect device
implantation

migration and/or embolisation, device and fluoroscopic eharacterizatidn, in vitro
crushing during CPR, incorrect device flow visualization, cadaver evaluations, ex
implantation vivo evaluation, biocompatibilityf assessment,
clinical evaluation
Embdlisation of Device or anatomical fragments result- Material characterization, biostgbility test-
debrip - device or  |ing from device structural deterioration |inghdurability testing, device fafigue testing/

analysis, pre-clinical in vivo eval
cal evaluation

pation, clini-

bility

Myochprdial Excessive tissue deformation, coronaty Anatomical patient model evalugtion (e.g. CT
infar¢tion artery perforation due to device imiplan-  |reconstruction), pre-clinical in vjvo evalu-
tation, coronary artery compression, ation, biocompatibility assessmgnt, device
coronary sinus thrombosis mechanical testing, clinical evalpation
Devide Fixation failure, improper sizing, device Device migration testing, durability test-
embollisation structural deterioration, MRI incompati- |ing, device fatigue testing/analysis, MRI

compatibility evaluations, pre-c
evaluation, clinical evaluation

inical in vivo

Devide migration/

Fixation failure,\device structural deterio-

Device migration/ pull-out testi

hg, durability

partigl pull-out ration, impraoper sizing testing, device fatigue testing/analysis, MRI
compatibility evaluations, pre-clinical in vivo
evaluation, clinical evaluation
Haenolysis Material or mechanical factors that cause |In vitro flow visualization, in vitio whole
elevated shear stresses or disruption of blood studies in bench models, computation-
réd blood cells al modelling, pre-clinical in vivo pvaluation,
clinical evaluation, haemocompdtibility
assessment
Thrombosis; Material or mechanical factors that cause |[Material characterization, in vitio flow visu-
throeroembolism flow stasis or elevated shear stresses or alization, blood loop model, blood-material
adverse blood-material interaction interaction characterization cox putationa]
modelling, pre-clinical in vivo evaluation,

clinical evaluation, haemocompatibility

assessment
Bioincompatibility |Local or systemic toxicity, inappropriate |Biological evaluation per ISO 10993-1, mate-
tissue response or effect on coagulation, rial characterization, blood material inter-
material degradation, leaching of compo- |action characterization, biostability testing,
nent compounds leaching testing, corrosion testing, character-
ization of sterilization residuals, pre-clinical
in vivo evaluation, clinical evaluation
Infective Non-sterile device, non-sterile accessories |Validation of sterility processes for device
endocarditis and accessories to a sterility assurance level

of 10-6, device package integrity testing

© ISO 2018 - All rights reserved
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Table G.1 (continued)

Hazard

Possible failure mode(s)

Possible evaluation method(s)

Inability to com-
plete implant pro-
cedure; increased
procedural time

Improper patient screening criteria, device
or delivery system failure, improper sizing,
device damage during shipment, prepara-
tion, delivery and retrieval, device not com-
patible with accessories, system not visible
under imaging techniques, use error

Design validation with device, packaging,
accessories, and [FU; tracking evaluation
of device and delivery system; in-process
inspections, pre-clinical in vivo evaluation,
usability and clinical evaluations

Virus, bovine spon-
giform encepha-
lopathy or other

Tissue and/or tissue-derived source mate-
rial contamination

Demonstrated compliance with all elements
of the ISO 22442 series

transmissibl¢ agent

Bleeding Perforation of vessel wall during device Design validation testing, pre-clinical'in|vivo
implantation, perforation of the anatomical | evaluation, clinical evaluation
structures due to device structural deteri-
oration/migration, erosion of vessel wall,
incomplete closure of access site, access
Unintended Valve leaflet interference, coronary sinus |Ex vivo evaluation (e:g. cadaver studies, {so-
anatomical occlusion, coronary artery occlusion, lated heart studies),pre-clinical in vivo gvalu-
interactions conduction system interference, vascular |ation, clinical evaluation, anatomical patient
or myocardial injury, chordal entangle- model evaludtion (e.g. CT reconstructior))
ment and/or rupture, septal displacement,
unintended effects on other heart valves
(e.g. aortic insufficiency following mitral
valve repair)
MRI Device migration, device heating, image Material characterization, MRI compatibili-
incompatibility distortion, poor device visualization ty testing
Device is Design or use error In vitro simulated use studies, usability
prematurely assessment of representative intended ysers
deployed conducting simulated implant procedur¢

tasks, clinical evaluation

Disruption to

Impact to conduction nodes, particularly

Cadaver evaluations, ex vivo evaluation,

conduction during tricuspid/ aortigvalve repair pre-clinical in vivo evaluation, clinical evalu-
system ation
54 © IS0 2018 - All rights reserved
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G.3 Failure modes/ hazards related to the delivery system

G.3.1 Relating to the delivery system’s “Ability to access” include, but are not limited to, the following:

wing:

re, of

D, the

uring

a) guidewire not crossing the lesion;

b) introducer and delivery systems not matching the access site (i.e. size mismatch);

c) delivery system not advancing to target implant site;

d) emboli generation;

e) device embolisation from the delivery system;

f) vessel dissection;

g) myocardial perforation;

h) persistent septal defect;

i) access site complications.

G.3.2 Relatling to the “Ability to deploy the delivery system” include, butare not limited to, the follo

a) inability[to fully and properly deploy the device;

b) dispropgrtionate dimensions and properties, such as balloon compliance and burst pressu
balloon felative to device and implant site (if applicable);

c) device embolisation from the delivery system;

d) balloon failure (if applicable);

e) damage pf device components by other compénents;

f) inadequate visualization;

g) emboli generation.

G.3.3 Relating to the “Ability @g-Wwithdraw the delivery system” include, but are not limited

following:

a) impropey balloon deflation (balloon expandable);

b) balloon yinging'(cross sectional shape of the balloon when deflated that can cause problems d
withdraal);

c) lack of struetural integrity:

d) emboli generation;

e) diameter mismatch;

f) device embolisation from the delivery system;

g) damage of device system components by other components;

h) delivery system snags on the device;

i) inadequate visualization;

j) device embolisation;
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k) inability to remove removable device system components.

G.3.4 Relating to the “Haemostasis of the delivery system” include, but are not limited to, the following:

a) size mismatch;

b) seal incompetence;

c) otherleakage;

d) haemostasis of the access vessel;

e) d

G.3.5

Amage to the vascular access site.

Relating to the “Ability to accurately deploy the device” within the target implant sit

are n

a) imaccurate positioning or orientation;
b) improper deployment configuration;
c) imcomplete deployment;

d) impadequate visualization;

e) i

G.3.6

—

a)
b) e

the fo'[Ilowing:

t limited to, the following:

proper sizing of implant site.

Relating to “Effective fixation of the device” within the vasculature include, but are 1

complete apposition to vessel wall;

kcessive or inadequate radial outward force;

c i

d) dpvice migration;

proper sizing of implant site;

b include, but

ot limited to,

e not limited

e) device embolisation.

G.3.7| Related to “loss.of Structural integrity and/or durability of the device” include, but a
to, th¢ following:

a) sfructuralfailure of implant;

b) Igss oficomplete apposition to vessel wall;

c) l¢gaKing;

d) perforation;

e) device migration;

f) device embolisation;

g) thrombogenesis;

h) potential failure modes, such as wear, strut fracture, loss of fixation, delamination, and suture breaks.
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G.4 Additional generic failure modes and causes

Additional generic failure modes and causes include:

— heartvalve repair device and delivery system cannot navigate tortuous anatomy;
— heartvalve repair device cannot be loaded onto delivery system (if applicable);
— heartvalve repair device misloaded on delivery system;

— heart valve repair device cannot be released from delivery system post-deployment;

heart abre rapnair daxzion oo A +bha oo avad o o oot A (G e e )
vaprerepatr-device-canhotberecaptured-erreposttioned-{Happropriate;

— instructjons for use inadequate;

— poorly dpsigned delivery system user interface;

— inadequate labelling;

— inadequate warnings;

— use by upskilled/improperly trained personnel;

— lack of aglherence to sterile conditions during implantation;

— packaging damaged during shipment;

— shelflife|degradation;

— environinental damage during shipment and storage{excess heat or cold);

— impropelr re-use of device.
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Annex H
(informative)

In vitro test guidelines for paediatric devices

Introduction and paediatric definitions

0:2018(E)

Tradi
Many
of pag
requi
perce
quest]
2010,
States
in vit
work

Some
from

H.2

fionally, heart valve repair devices have been designed, tested, and labelled for the adu
real and perceived scientific, marketing, and regulatory barriers have limited the
diatric heart valve repair devices. These include the need for small device-sizes, p
ring multiple reoperations, problems with enhanced calcification ofMissue co
ived small market size, and a lack of sufficient patients to fill a typical clifrical investi
ions were addressed at a Paediatric Heart Valve Workshop held in Washington, DC i
which was attended by clinicians, device industry representative$;academicians, ay

(US) Food and Drug Administration (FDA) (see Reference [36]). The following g
‘o testing of devices intended for the paediatric population_ are-from a publication H
bhop (See Reference [44]).

definitions of paediatrics include only four groups (newborn, infant, child, adolesce
paediatric clinicians led to adding the “toddler” subpopulation.

Table H.1 — Paediatric definitions

Paediatric subpop- Proposed definition
ulation
Newborn 0 <age < 30 days
Infant 30 days < age < 1 year
Toddler 1 year < age < 5 years
€hild 5 years < age < 13 years
Adolescent 13 years < age < 22 years

Pulsatile flowtest conditions

Table H.2 — Pulsatile flow test conditions: left side

tpopulation.
development

attrilent growth

ponents, a
ration. These
n January 12,
1d the United
uidelines for
ased on that

nt), but input

aedidtric Systolic duration MAP Beat rate Cardiac output
suPpopulation % mmHg beats/min 1/min
Newborn 50 45 60, 150, 200 0,3;1;1,5
Infant 50 55 60,120, 200 0,5,2;3
Toddler 45 65 60, 100, 160 1,5; 3; 4.5
Child 40 80 60, 80, 140 2;3,5;5
Adolescent 35 100 45,70,120 2,57
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Table H.3 — Pulsatile flow test conditions: right side

Paediatric Systolic duration MAP Beat rate Cardiac output
subpopulation % mmHg beats/min 1/min
Newborn 50 20 60, 150, 200 0,3;1;1,5
Infant 50 20 60,120,200 0,5;2;3
Toddler 45 20 60, 100, 160 1,5; 3; 4,5
Child 40 20 60, 80, 140 2;3,5;5
Adolescent 35 20 45,70, 120 2,57

H.3 FEA/life analysis conditions

Table H.4 — FEA/life analysis conditions: left side

FEA peak differential . . N -
PaediatriF pressure/CO Life analysis cycle criterion
subpopulation mmHg/1/min (equivalent years)
Newborn 90/1,5
Infant 100/3
Toddler 110/4,5 10

Child 135/5 10a

Adolescent 160/7 10a

a  Reference [44] says 15 equivalent years, which eomes from US. FDA.

Table H.5 — FEA/life analysis conditions: right side

FEA peak-differential . . S
Paediatric pressiire/CO Life analysis cycle criterion
subpopulation Smig/1/min (equivalent years)
Newborn 40/1,5 5
Infant 40/3
Toddler 40/4,5 10
Child 35/5 10a
Adolescent 40/7 10a
a  Reference [44] says 15 equivalent years, which comes from US. FDA.
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Annex I
(informative)

Examples and definitions of some physical and material
properties of heart valve repair device components

I.1 |General

This gnnex provides examples and definitions of the physical and material properties that could be
relevgnt in characterizing a heart valve repair device and/or its components.

All measurements should be performed on materials or components as they“would be [found in the
finished product. This includes all subsequent treatments after fabrication.

Examjples of some standards that could be relevant for physical and niaterial property characterization
are provided in Annex J.

The risk analysis should play a role in the choice of determining the physical and material properties of
the h¢art valve repair device and its components.

1.2 |(Bulk physical properties
1.2.1
biostpbility
change in chemical composition of a material after exposure to a physiologic-fluid environment
1.2.2
chemlical composition

measpirement of the chemical composition and purity, including any processing aids
1.2.3
coeffjcient of thermal expansion

change in physical dimension as a result of a change in temperature

1.2.4

density

measurement of the mass per unit volume, i.e. the compactness of a material
1.2.5

film composition

analysis of the elemental composition of a film, expressed as a percentage
1.2.6

film thickness
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thickness of a film deposited on a substrate averaged over the surface of the film

Note 1 to entry Techniques for measuring thin-film thickness include profilometry and ellipsometry. In some
cases, Auger depth profiling can be used.

1.2.7

glass transition temperature

characteristic temperature of a polymer system below which long-chain mobility no longer exists

1.2.8

hydraulic e
comparison
1.2.9

liquid diffus

measuremery
surrounding

Note 1 to entr]
under certain

1.2.10
material ha

measuremer
wear resista

1.2.11
melt index

number of g
specified ori

1.2.12

melting point

temperature

1.2.13

(pansion

bf the dimensions of the material before and after exposure to water

ivity (porosity and permeability)

t of the ability of a material to absorb or adsorb biological\Components froj
tissues and fluid environments

y This biological property could cause calcification and prematute failure of some animal 4
stresses.

rdness

t of resistance to scratching or plastic defermation by indentation (generally relaf
hce)

rams of thermoplastic resih at a specified temperature that can be forced thro
fice in an allotted time byJa specified pressure

at whichra Solid material turns liquid

microstructure

n the

issues

ed to

ugh a

size and shape of the grains, defects, voids, etc. of which the material is composed.

Note 1 to entry For tissue-derived materials, this should include cellular or extracellular matrix material (e.g.
collagen, elastin) morphology.

1.3 Surfa

ce physical properties

I.3.1 General

All measurements should be performed on materials or components as they would be found in the
finished product. This includes all subsequent treatments after fabrication, for example, sterilization.
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critical surface tension

surface tension at which a liquid spreads on a substrate for complete wetting

Note 1 to entry Surface roughness and chemical composition play a key role in how an implant interacts with
the biological host. Critical surface tension is a useful attribute for characterizing the surface of a solid material.
The measurement is affected by the surface's topology, chemistry and cleanliness. The measurements are related

to the

1.3.3

surface free energy of the material.

surface charge and surface charge density

type

Note 1
mater

1.3.4

bf charge (positive or negative) and the amount that can be bound to the surface-of a

to entry It has been suggested that surface charge can play an important role in the biocq
fals.

surfaice chemical composition

matei

Note 1
the hg

ial composition within a few atomic layers of the surface

to entry Variations in the chemicals present at the surface could affect how a material y
st. The chemical constituents of the surface can be altered by manufacturing processes sud

polishfing, cleaning, sterilizing and handling.

1.3.5

surface resistance

R

ratio

Note 1

wherd
O
o)

Note 7
measy

bf the bulk resistivity and film thickness
toentry Rgpeet :%

is the bulk resistivity, expressed in ohm-centimetres;
is the sample thickness, expressed in centimetres.

to entry A typical method for determining the sheet resistance is the “four-point probe”
rerments are done at several places on the surface of the film to obtain an average sheet resis

material

mpatibility of

Fill react with
h as grinding,

method. Such
tance value.

1.3.6

surface roughness

microtopology of the component surface

1.4
1.4.1

Mechanical and chemical engineering properties

General

The most commonly utilized mechanical properties are indicated with a star (*) in this list below.
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1.4.2

coefficient of friction

energy expended in moving two components past one another that are in intimate contact
1.4.3

compressive strength*

stress required to deform a material in a uniaxial compressive stress state

Note 1 to entry_There can be considerable variation in the measured Qtrpngrh among qpprimpnc in these tests.
To ensure thaf the data are representative of the true strength of the material, the results are reportedusing an
appropriate statistical method.

1.4.4
corrosion fatigue

simultaneouf action of cyclic stress and chemical attack on a metallic part
1.4.5
crack growth velocity

speed and lgad conditions under which a crack will propagate through a material once it has| been
initiated

Note 1 to entr[y The rates can be influenced by the residual stresses in the material.
1.4.6

creep
temporal chgnge in dimension of a material ufider a prescribed, sustained mechanical loading conflition
1.4.7
crevice corrosion

corrosion ocfurring in spaces (€revices) to which the access of the working fluid from the enviromment
is limited

1.4.8
critical streps intensity factor

ke

stress intensity above which a crack will advance under monotonic, quasi-static loading conditions

Note 1 to entry k¢ is a function of the mode of loading, chemical environment, microstructure, test temperature,
strain rate and stress state.

1.49
dynamic moduli

complex moduli (storage and loss moduli) that describe the mechanical behaviour of viscoelastic
materials

1.4.10

fatigue*
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fracture of a material under repeated application of a stress or strain
1.4.11
fatigue life*

number of cycles or total time a material can be repeatedly loaded without fracture under specified
loading conditions

Note 1 to entry In general, there are two independent time components to fatigue failure. First is the crack
initiation phase, when repeated loading cycles weaken a material, usually through a defect coalescence process
at a flaw site, until a critical flaw size is reached and fracture occurs. Once a crack is initiated, the second, or
crack erewthphase-offatiste-begins—The-erackecontintesto-grow tnderrepeateddoadingeendifions until the

stress|loading exceeds the fracture toughness, resulting in total failure.

1.4.12
flexural strength*

stresg level required to cause fracture in bending
Note 1 to entry There usually is considerable variation in the measured strength among specimens in these

tests. [To ensure that the data are representative of the true strength of the material, the resultg are reported
using pn appropriate statistical method.

1.4.13
fractyire toughness
measfire of the ability of a material to deform plastically without fracturing in the presende of a crack
Note 1 to entry This is the stress intensity at which.unstable crack growth will proceed.
1.4.14
fretting
surfage damage that results when two surfaces in contact experience slight periodic relatiye motions
1.4.15
fretting corrosion

form |of corrosion _in which two surfaces rubbing against each other produce small particles which
oxidize to form an‘abrasive powder that exacerbates the destructive process, eventually forming a crack

Note 1 to entry, The surface damage occurs between adjacent surfaces that are in close contact, under pressure,
and aife subjeected to slight relative motions.

1.4.1

galvanic corrosion

electrochemical process in which one metal corrodes preferentially when in electrical contact with a
different metal and both metals are immersed in an electrolyte

1.4.17

general corrosion

uniform degradation of the surface of a metal due to chemical reactions with specific environments
1.4.18

intergranular corrosion
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form of corrosion where the grain boundaries of a metal are more susceptible to corrosion than the matrix

1.4.19

peel strength

adhesion between different layers of a material, usually a lamellar composite

Note 1 to entry Lamellae could include thin surface layers used to change the chemical boundary conditions of a

material.

1.4.20

pitting corr
form of extre

1.4.21

hsion

mely localized corrosion thatleads to the creation and propagation of small holesin'the

Poisson's rakio*

ratio of chan
Note 1 to entr]
it changes sh
behaviour of ¢
1.4.22

residual str

stresses that

Note 1 to entr]
remodelling

1.4.23

strain energ
strain energ)
Note 1 to entr
to the work t
material, gend

1.4.24

stress corrg

be in dimensions in the transverse direction to the longitudinal diréction
y When a piece of material is stretched or compressed longitudinally under a uniaxia

hpe transversely. As with Young's modulus, Poisson's ratio is\needed to model the mech
ompleted devices.

eSS

remain in a material after it has been fabricated when there is no loading applied

y to failure
y needed to deform aimaterial to the breaking point
y Strain energy is:th€ potential energy stored in a body by virtue of an elastic deformation

hat must be doreyto produce this deformation. Strain energy is a measure of the toughne
rally in the abgerice of a durability mechanism.

sion ¢racking

metal

load,
anical

y Residual stress can be a result of device fabrication process, or native tissue growth and

equal
5s of a

failure of a

1.4.25

etal Irom the combined eifects of a corrosion environment and a static tensile stress

stress intensity factor

k

description of the intensity of the stress field ahead of a sharp crack under linear elastic loading

conditions

1.4.26

stress relaxation

gradual decr

70

ease in measured stress under a specified, sustained elongation or deformation
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1.4.27

tear strength*

force needed to initiate or continue tearing a sheet of fabric

1.4.28

tensile strain to failure (elongation)*

total amount of strain that a material can tolerate just prior to failure

1.4.29

tensile strength*

stresg required to deform a material in an uniaxial tensile stress state
Note 1 to entry The term “tensile strength” or “ultimate tensile strength” is usually used to dgfine the load
carrying capability of a material in a uniaxial tensile stress state typically expresséed as an engirjeering stress.
This cpndition also defines the limit of uniform strain, after which plastic instability (necking) occprs.

Note 4 to entry There is usually considerable variation in the measured(strength among specijnens in these
types|of tests. To ensure that the data are representative of the true Strength of the material, the results are
reported using an appropriate statistical method.
1.4.3(
ultinlate tensile strength*
UTS
maximum load carrying capability of a sampleitested in uniaxial tension
1.4.31
void ¢oncentration

number of voids in a film (areasWhere the film did not cover the substrate) per unit area

Note 1 to entry The void concentration is specific to the void size or range of sizes (e.g. a void [concentration
might|be 100 voids of diameter 1 pm or less per square centimetre).

1.4.32
wear|resistance

rate df the systematic removal of material as two surfaces move past one another

1.4.33

Young's modulus*

slope of the initial linear portion of the stress strain curve; a measure of the mechanical stiffness of a
material

Note 1 to entry Asatensile or compressive stressis exerted on a piece of material, it tends to elongate or contract.
The ratio of the applied stress to the percentage change in length (strain) is defined as Young's modulus. Young's
modulus is needed in theoretical modelling of both the static and dynamic stress distributions anticipated in
completed devices.
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I.5 Nitinol properties

I.5.1 General

The most commonly utilized properties of nitinol are indicated with a star herein.
1.5.2

austenite finish temperature

Ag*

a single-stage transformation, or the temperature at which the R-phase-to-austenite transformation is

temperatureFt which the reverse martensite-to-austenite transformation is completed on heatjng in
completed o

heating in a two-stage transformation

Note 1 to entrly ASTM defines different methods for determining Ar (e.g. DSC or bend and free ecovery).
1.5.2.1
bend and free recovery

test method| to determine the transition temperatures of nitinol by dmeasuring the rate of §train
recovery as g4 function of temperature during heating of a previously déformed test sample

1.5.2.2
differential|scanning calorimetry
DSC

test method|to determine the transition temperatures of nitinol by comparing the enthalpy|(heat
evolved) of a|test sample to a known standard during heating
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a Heating.

(ooling.

Figure 1.1 — Example DSC graph for single-stage transformation nickel-titaniufn alloy
(Reprinted from ASTM F2005 with permission of ASTM International)

1.5.3 Mechanical properties

1.5.3.

austenite modulus*
steepest part of the initial loading stress-strain curve of a superelastic nitinol sample

Note 1 to entry Unlike most metals the modulus of nitinol can exhibit significant temperature sensitivity and
might be affected by the onset of a mechanically-induced transition to the R-phase.

1.5.3.2
lower plateau strength

LPS*
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stress at 2.5 % strain during unloading of the sample, after loading to 6 % strain

Note 1 to entr

1.5.3.3

y See ASTM F2516.

martensite modulus*

steepest part of the unloading stress-strain curve of a superelastic nitinol sample

oation
&

1.5.3.4
residual elo
Ely [%]
difference b
7,0 MPa duri
NOTE Se
1.5.3.5

uniform elo
Ely [%]

elongation af
Note 1 to entr]

1.5.3.6

hg loading

p ASTM F2516.

ngation

y See ASTM F2516.

upper plateau strength

UPS*
stress at 3 %

Note 1 to entr]

strain during loading of the Sample

y See ASTM F2516.

btween the strain at a stress of 7,0 MPa during unloading and the straimat“a strgss of

the maximum force sustained by the test piece just prior to necking, or fracture, or both
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UTS

Key

Elr 1
Elu y
LPS 1
UPS
UTS u
a A

El El, X
012 3 456 7 8 910111213

esidual elongation
niform elongation
bwer plateau strength
pper plateau strength
Itimate tensile strength
lustenite modulus.

b

rep

1.5.4

1.5.4.
austd
high-1

Note 1
phase

1.5.4.

artensite modulus.

igure 1.2 — Typical stress-strain curve of superelastic (SE) nitinol indicating v
rtable parameters (Reprinted from ASTM F2516 with permission of ASTM Intg¢

Glossary of terms relatéd to nitinol
L
nite
emperature sglid“phase of approximately equiatomic composition in the Ni-Ti alloy §

to entry After processing to obtain specific properties the austenite phase can underg
transformation to the martensitic or rhombohedral (R)-phases.

4

rarious
rrnational)

ystem

b a reversible

chror

COF

11C outward force

force exerted by the support structure as it expands to its relaxed diameter after being radially
compressed.

Note 1 to entry For an implanted device, the COF is the force exerted by the support structure in its deployed
configuration.

Note 2 to entry See Figure I.3.
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Key

COF chronic d
RRF radial re
a Loading:
b Unloadin

Figure

1.5.4.3

martensite

low-temperafure solid phase of approximately equiatomic composition in the Ni-Ti alloy systen

formed from
crystal strug

1.5.4.4
nitinol

generic trade
superelastic

utward force

istive force

crimping into catheter.
g: release from catheter.

[.3 — Force-diameter curve of a superelastic (SE) nitinol support structure; seg¢
Reference [16]

the austenite or the rhiembohedral phase with either B19 (orthorombic) or B19’ mond
ture

name-for a Ni-Ti alloy (include typical composition range per ASTM) primarily used
pr-shape memory behaviour

n that
clinic

for its

1.5.4.5

phase transformation temperature

temperature

1.5.4.5.1

s related to nitinol

martensite start temperature

Ms

temperature at which the forward austenite-to-martensite or R-phase-to-martensite

transformat

76

ion begins

© ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=2b1dff2ed8d77258f496989976c5b99e

ISO 5910:2018(E)

1.5.4.5.2
martensite finish temperature
Mg

temperature at which the forward austenite-to-martensite or R-phase-to-martensite
transformation ends

1.5.4.5.3

austenite start temperature

Ag
température at which the reverse martensite-to-austenite or R-phase-to-austenite transformation begins
1.5.4.p.4

rhombohedral (R-phase) start temperature
Rs
temperature at which the forward austenite-to-R-phase transforiwation begins
1.5.4.p.5

rhombohedral (R-phase) finish temperature

R¢
tempé¢rature at which the forward austenite-to-R~phase transformation ends
1.5.4.p
radiall resistive force
RRF

force|exerted by a superelastic nitinol support structure as it resists radial compresgion from its
relaxe¢d diameter

Note 1 to entry See Figlre'l.3.
1.5.4.7
rhombohedral(R) phase

metastable'phase of nitinol

1.5.4.8
shape memory alloy

metal which, after an apparent plastic deformation in the martensitic phase, undergoes a thermoelastic
phase transformation when heated through its transformation temperature range resulting in a
recovery of the deformation

1.5.4.9

superelasticity
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nonlinear recoverable deformation behaviour of Ni-Ti shape memory alloys at temperatures above the
austenite finish temperature (Ar)

Note 1 to entry The nonlinear deformation arises from the stress induced formation of martensite on loading
and the spontaneous reversion of this crystal structure to austenite upon unloading.
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Examples of standards applicable to testing of materials and

J.1

J.1.1
ISO5
ISO5

components of heart valve repair devices

Metals

Specifications for materials for metal implants
B32-1, Implants for surgery — Metallic materials — Part 1: Wrought stainléss steel

B32-2, Implants for surgery — Metallic materials — Part 2: Unalloyed. titanium

ISO §832-3, Implants for surgery — Metallic materials — Part 3% Wrought titanium

4-van

ISO5

idium alloy

6-aluminium

B32-4, Implants for surgery — Metallic materials — Part 4: €obalt-chromium-molybdenum casting alloy

ISO 5B832-5, Implants for surgery — Metallic materials —<Part 5: Wrought cobalt-chromium-tungsten-
nickel alloy

ISO §832-6, Implants for surgery — Metallic materials — Part 6: Wrought cobalt-nickel-chromium-
molyHdenum alloy

ISO §832-7, Implants for surgery — Metallic-materials — Part 7: Forgeable and cold-formed cobalt-
chromium-nickel-molybdenum-iron alloy

ISO 3832-8, Implants for surgery —“Metallic materials — Part 8: Wrought cobalt-nickel-chromium-
molyHdenum-tungsten-iron alloy

ASTM F2005, Standard termifnology for nickel-titanium shape memory alloys

ASTM
and s

ASTM
shape

ASTM
shape

F2063, Standard specifications for wrought nickel-titanium shape memory alloys for m
irgical implants

memoryailoys by bend and free recovery

memory alloys by thermal analysis

edical devices

F2082, Stahdard test method for determination of transformation temperature of nickel-titanium

F2004, Standard test method for determination of transformation temperature of nickel-titanium

ASTM F2516, Standard test method for tension testing of nickel-titanium superelastic materials

ASTM F2633, Standard Specification for Wrought Seamless Nickel-Titanium Shape Memory Alloy Tube for
Medical Devices and Surgical Implants

J.1.2

Tensile test with extensometer to failure

ASTM EB8, Standard test methods for tension testing of metallic materials

ASTM E111, Standard Test Method for Young's Modulus, Tangent Modulus, and Chord Modulus

J.1.3

Poisson's ratio

ASTM E132, Standard test method for Poisson’s ratio at room temperature
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J.1.4 Durability crack initiation and endurance limit; S-N curves
ASTM E466, Standard practice for conducting constant amplitude axial fatigue test of metallic materials

ASTM E468, Standard practice for presentation of constant amplitude fatigue test results for metallic
materials

ASTM E739, Standard practice for statistical analysis of linear or linearized stress-life (S-N) and strain-life
(E-N) fatigue data

J.1.5 Fatigue crack growth rate; crack growth velocity

ASTM E647, ftandard test method for measurement of fatigue crack growth rates

J].1.6 Hardness

ISO 6508-1, Metallic materials — Rockwell hardness test — Part 1: Test method (scales 43B; C, D, E, I, G, H,
KN, T)

ISO 6507-1, Metallic materials — Vickers hardness test — Part 1: Test method
J.1.7 Micnostructure

ASTM E3, Stqndard guide for preparation of metallographic specimens

ASTM E112, Standard test methods for determining average grain Size

J.1.8 Thermal expansion

ASTM E228, [Linear thermal expansion of solid materials.with a vitreous silica dilatometer

J.1.9 Fracdture toughness
ASTM E399, Standard test method for plane-strdin fracture toughness of metallic materials

ASTM 1820, Standard test method for measurement of fracture toughness

J.1.10 Fatigue life

ASTM EA466,|Standard practice,for conducting force controlled constant amplitude axial fatigue tgsts of
metallic matérials

ASTM E468,| Standard-~practice for presentation of constant amplitude fatigue test results for metallic
materials

ASTM E739, Stdandard practice for statistical analysis of linear or linearized stress-life (S-N) and strdin-life
(E-N) fatigueldata

J.1.11 Corrosion

ASTM F2129, Standard test method for conducting cyclic potentiodynamic polarization measurements to
determine the corrosion susceptibility of small implant devices

ASTM G46, Standard guide for examination and evaluation of pitting corrosion
ASTM F746, Standard test method for pitting or crevice corrosion of metallic surgical implant materials

ASTM G61, Standard test method for conducting cyclic potentiodynamic polarization measurements for
localized corrosion susceptibility of iron-, nickel-, or cobalt-based alloys
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ASTM G192-08, Standard test method for determining the crevice repassivation potential of corrosion-
resistant alloys using a potentiodynamic-galvanostatic-potentiostatic technique

ASTM G82, Standard guide for development and use of a galvanic series for predicting galvanic corrosion
performance

ASTM G71, Standard guide for conducting and evaluating galvanic corrosion tests in electrolytes

ASTM G106 - 89 Standard practice for verification of algorithm and equipment for electrochemical
impedance measurements

ASTM G161 - 00, Standard guide for corrosion-related failure analysis

ASTM G199 - 09, Standard guide for electrochemical noise measurement

ASTM G108, Standard test method for electrochemical reactivation (epr) for detecting sensitigation of AISI
Type 304 and 3041 stainless steels

ASTM G44, Standard practice for exposure of metals and alloys by alternate immersion in neutral 3.5 %
sodiun chloride solution

ASTM A262, Standard practices for detecting susceptibility to intergranular attack [in austenitic
stainless steels

ASTM F1801-97, Standard practice for corrosion fatigue testing of metallic implant materials

ISO 16429, Implants for surgery — Measurements of open-circuit potential to assess corrosion] behaviour of
metallic implantable materials and medical devices over.eXtended time periods

[SO 10993-15, Identification and quantification of degradation products from metals and alldys

ASTM F3044-14, Test Method for Standard Test-Method for Evaluating the Potential for Galvanic Corrosion
for Medical Implants

J.2 |Polymers

J.2.1| Viscosimetry

ISO 1628-1, Determination‘ef'the viscosity of polymers in dilute solution using capillary visconyeters — Part
1: General principles

ISO 6], Plastics — Determination of apparent density of moulding material that cannot be poured from a
specified funnel

ISO 3219 Plastics — Polymers/resins in the liquid state or as emulsions or dispersions — Determination of
viscodity‘using a rotational viscometer with defined shear rate

J.2.2 Melt flow index

ASTM D1238, Standard test method for melt flow rates of thermoplastics by extrusion plastometer

J.2.3 Determination of breaking strength under static load

ISO 13934-1, Textiles — Tensile properties of fabrics — Part 1: Determination of maximum force and
elongation at maximum force using the strip method

J.2.4 Tensile test with extensometer to failure (if possible)
ASTM D638, Standard test method for tensile properties of plastics

ISO 527 series, Plastics — Determination of tensile properties
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J.2.5 Poisson's ratio

ASTM E132, Standard test method for Poisson’s ratio at room temperature

J.2.6 Determination of dynamic mechanical properties
[SO 6721-1, Plastics — Determination of dynamic mechanical properties — Part 1: General principles

[SO 6721-2, Plastics — Determination of dynamic mechanical properties — Part 2: Torsion-pendulum method

J.2.7 Resistance to surface wear

ISO 4586-2, |High-pressure decorative laminates — Sheets made from thermosetting resins —)Part 2:
Determinatidn of properties

J.2.8 Resistance to scratch
ISO 1518, Pailnts and varnishes — Scratch test

BS 3962-6, Apsessment of resistance to mechanical damage

J.2.9 Flexpural properties; determination of breaking strength under dynamic
bending lopd

[SO 178, Plastics — Determination of flexural properties

J.2.10 Fatigue crack initiation and endurance limit; $-N curves

ASTM E466,|Standard practice for conducting force controlled constant amplitude axial fatigue tgsts of
metallic matgrials

ASTM E468, |Practice for presentation of constant-amplitude fatigue test results for metallic materia

[%)

J.2.11 Fatigue crack growth rate

ASTM E647, [[est method for measurement of fatigue crack growth rates

J.2.12 Detgrmination of compressive properties
ISO 604, Plastics — Determindtion of compressive properties
J.2.13 Spegification of surgical implants made from high-density silicone elastomer

BS 7253-3, Npn-metallic materials for surgical implants — Specification for surgical implants made of heat-
vulcanized sijicane elastomer

J.2.14 Density

ASTM D792, Standard Test Methods for Density and Specific Gravity (Relative Density) of Plastics by
Displacement

J.2.15 Liquid diffusivity (porosity and permeability; water absorption)

ASTM D570, Standard test method for water absorption of plastics

J.2.16 Hardness

ASTM D785, Standard test method for Rockwell hardness of plastics and electrical insulating materials
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J.2.17 Wear resistance
ASTM D1044, Standard test methods for resistance of transparent plastics to surface abrasion

ASTM D4060, Standard test method for abrasion resistance of organic coatings by the Taber abraser

].2.18 Creep

ASTM D2990, Test methods for tensile, compressive, and flexural creep and creep-rupture of plastics

J.2.19 Fracture toughness

wn

ASTM E399, Standard test method for plane-strain fracture toughness of metallic materia

ASTM 1820, Standard test method for measurement of fracture toughness

J.2.290 Hydraulic expansion

ASTM F1087, Test methods for linear dimensional stability of a gasket material to moisture

J.3 |[Ceramics and carbons

J.3.1( Physical and chemical properties

ISO 674, Implants for surgery — Ceramic materials based,on high purity alumina
J.3.2| Fatigue rate

ASTM E647, Standard test method for measurement of fatigue crack growth rates
].3.3| Hardness

ASTM E92, Standard test method for Viekers hardness of metallic materials

J.3.4| Thermal expansion

ASTM E228, Linear thermdl éxpansion of solid materials with a vitreous silica dilatometer

]J.3.5| Fracture toughness

ASTM E399, Standard test method for plane-strain fracture toughness of metallic materials

J.4 |Plastic materials

J].4.1 Possible adaptation of tensile properties

[SO 527 (all parts), Plastics — Determination of tensile properties

].5 Textiles

].5.1 Determination of tear-out resistance

[SO 13937-2, Textiles — Tear properties of fabrics — Part 2: Determination of tear force of trouser-shaped
test specimens (Single tear method)
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J.5.2 Determination of water absorption

DIN 53923, Testing of textiles — Determination of water absorption of textile fabrics

]J.5.3 Determination of breaking strength under static load

ISO 13934-1, Textiles — Tensile properties of fabrics — Part 1: Determination of maximum force and
elongation at maximum force using the strip method

J.5.4 MRI compatibility

ASTM FZOS” Ctandard toct mothad for meoacurement of maaneticallv indiced dicnlacomont Fnrre on
o> FOH—HeaSHFeHEeRt—o—Hagheticaty +OHC

corTertr-tr—c o e e trrotr T oo ettt P ter c T 1erte

medical devides in the magnetic resonance environment

ASTM F2119| Standard test method for evaluation of MR image artefacts from passive implarts

ASTM F218%, Standard test method for measurement of radio frequency induced heating near ppssive
implants during magnetic resonance imaging

ASTM F2213| Standard test method for measurement of magnetically induced toxglie on medical devjces in
the magnetic|resonance environment

ASTM F2503, Standard practice for marking medical devices and other(items for safety in the magnetic
resonance enpironment
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Annex K
(informative)

Considerations for device material properties underg
alterations post implantation

Thermal, biochemical and mechanical

oing

roperties of the materials of the heart valve repair device

may ¢hange post-implantation; therefore, there is a need to adequately assess the postimplantation

propdgrties of the materials that make up the structure of the implant, where these
negatfively affect clinical performance of the device.

thanges may

plantation material properties should be used to assess any changes induded by time,

temperature and/or bio-chemical effects to the heart valve repair device, as‘idéntified thrpugh the risk

analypis (e.g. stress analysis using post-implantation material properties). These mate
changes should be distinguished from fatigue property changes caused by cyclic load
specified in Annex N and Annex O; however these material propertiesanay also be used to p

rial property
ng, which is
fovide a good

estimfate of material changes in time with fatigue testing if applicable (e.g. bioabsorbable golymers).

See Ahnex I for relevant mechanical properties that can be addressed pre- and post-implantation.
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Corrosion assessment

L.1 Rationale

Corrosion of|the implantable device components can cause or contribute to device failure. In,addition,
corrosion byproducts (e.g. metallic ion release) could cause biological and tissue responses.'In vitro
testing is pefformed to detect and assess corrosion susceptibility:.

Many types pf corrosion mechanisms might act, often simultaneously, on the devigé-over time. While
some corrosjion mechanisms are predominantly related to material properties, sturface finish and
manufacturipg of the component (e.g. uniform corrosion, pitting corrosion, intérgranular corrdsion),
others relatd more to the device design (e.g. crevice corrosion, galvanic conrosion) or the operafional
conditions (g g. fretting corrosion, corrosion fatigue, stress corrosion cracking). The planning, selection,
design and ekecution of corrosion tests should ensure that all relevant eerrosion mechanisms and their
interactions [are identified and assessed to evaluate the device performance during its service life.
When assessfing corrosion test results, non-tested parts are useful indistinguishing between corfosion
damage and pormal variations in surface finish.

Corrosion assessment can include a variety of electrochemical, microscopic and gravimetric methods.
Often combipations of qualitative observations, quantitative measurements, and statistical analyses
are needed tp provide an overall assessment of corrosion."Standard corrosion tests developed by ASTM,
NACE and IS0 address the technical requirements_specified in the test method but might need|to be
modified to gppropriately address conditions applicable to device applications. If a Standard is follJowed
where no adceptance criteria are prescribed,-the manufacturer should justify the final accegtance
criteria adopted.

NOTE Se¢ Reference [37].

L.2 Introduction

The corrosipn mechanisms Zdescribed below are often applicable to materials and condjtions
representatiye of implantable devices, although other mechanisms are possible. The manufagturer
should provide a ratiowale for the selected test methods and justify that all applicable corifosion
mechanisms|and conditions have been addressed through testing or theoretical assessments. A [ist of
commonly used standard methods is provided in Annex J.

L.3 Pitting corrosion

Pitting corrosion is a localized form of corrosion. It occurs when discrete areas of a material lose their
passive state and undergo corrosion attack while the majority of the surface remains unaffected. The
localized corrosion attack creates small holes (pits) which can rapidly penetrate the material and
contribute to failure. Pitting of a material depends strongly on the presence of aggressive ionic species
(e.g. chloride ions) in the environment having a sufficient oxidizing potential.

The assessment of the pitting corrosion susceptibility of the device is of relevance both for storage
solution and in simulated in vivo conditions. Previous experience with similar devices could be
referenced; however, it is necessary to show the surface chemistries between the comparative devices,
as the materials, design, and fabrication processes specific to the device under analysis may reduce or
eliminate the applicability of the comparative device. For example, the pitting corrosion resistance of
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nitinol is sensitive to processing variables such as heat treatment and electropolishing; therefore the
pitting corrosion susceptibility of the finished nitinol support structure should be characterized.

Pitting corrosion can be assessed by electrochemical methods, such as potentiodynamic and
potentiostatic measurements described in ASTM F2129 and ASTM F746. Crevice corrosion will occur at
lower potentials than pitting and therefore interference from crevices on the test sample can lead to an
underestimation of the pitting resistance. It is recommended to perform microscopic examination (e.g.
as described in ASTM G161) of the samples after testing to evaluate the presence of pits and/or crevice
corrosion, because it is difficult to mount a test sample without introducing a crevice at the sample/

mount interface.

NOTE

See Reference [23]

L.4

Crevi
in cor
liquid
to the
negat

Crevi

Crevice corrosion

Ce corrosion is a form of localized corrosion which occurs in areas where-parts of the
tact with small volumes of stagnant liquid. In short, the limited mass transfer within
in the crevice creates a deoxygenized zone with increased salt and @cid concentrati
rest of the liquid. This difference shifts the electrochemical potential within the crey
ive value which causes passivity to breakdown and the onset of-active dissolution (cq

introdluce a critical crevice. This corrosion mechanism occursynainly, but not exclusively,

which

Literd
prese

are protected by a passive oxide.

ture citations or previous experience with simildr devices can be relevant. Hov
nce of critical crevices is strongly related to device design, and the material passivity

the specific fabrication processes, generic literature might not be applicable. To capitalize

exper|
equiv
meth
ASTM

L.5

ience with similar devices it is necessary-to'show that their surface chemistries and

plent. Crevice corrosion can be assesséd by immersion test methods as well as ele

pds under open circuit conditions or'applied potential /current, such as described in |
F746 and ISO 16429.

Galvanic corrosion

Galvapic (or bimetallic) cerrosion is a form of corrosion in which one metal corrodes g

when
noble
positi

If the

it is in electrical eontact with a different metal. Enhanced corrosion of the more n
metal will be éxperienced together with partial or complete cathodic protection|
ve (more noble) metal.

device contains more than one type of metal, such as a support structure with mark

man
corro
AST

exam

facturersshould demonstrate the design’s resistance to galvanic corrosion. The ris
ion should be addressed at a minimum by theoretical methods, such as the Evans
G82. Test methods described in ASTM F3044 or equivalent methods can be used or

material are
the stagnant
bn compared
ice to amore
rrosion).

Ce corrosion can result from the design of the component or from formation of ¢leposits that

on materials

vever, as the
s affected by
on previous
crevices are
rtrochemical
\STM F2129,

referentially
egative (less
of the more

er bands, the
k of galvanic
Diagram and
modified, for

> of devices is

expected during clinical procedures, then the potential for galvanic corrosion of contacting dissimilar
materials should be addressed. Test methods described in ASTM G71 or equivalent methods can be
used or modified, by incorporating the experimental setup described in ASTM F2129.

L.6 Corrosion fatigue

Corrosion fatigue can be defined as a materials failure mechanism which depends on the combined
action of repeated cyclic stresses and a chemically reactive environment. One example is that localized
corrosion-deformation interactions on smooth surfaces act as crack initiation sites at thresholds lower
than estimated from linear elastic fracture mechanics. The total damage due to corrosion fatigue is
usually greater than the sum of the mechanical and chemical components acting separately.

NOTE See Reference [27].
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Crack growth is often rate limited by one of the slow steps in the mass-transport and crack surface
reaction sequence and as a consequence, slow loading rates enhance corrosion fatigue damage. Hence,
testing at low frequency might be necessary to adequately address the corrosion fatigue mechanisms
acting on the device. ASTM F1801 outlines corrosion fatigue testing of standard material specimens
for medical implant applications. Corrosion fatigue experiments follow directly from procedures for
mechanical tests and can be assessed as part of the fatigue assessment of the device or in separately

designed cor

rosion fatigue tests for the support structure component as justified by the manufacturer.

NOTE See Reference [19].

L.7 Fretti

Fretting is
oscillatory ny
two closely f
the abrasive

The potentig
micromotion
passive film.

L.8 Post-

After comple
inspection f
and/or devig

(wear) and fretti :

lefined as the wear process occurring between contacting surfaces having\relative
otion. Fretting corrosion is caused by corrosion reactions which occur at théinterface of
tting surfaces when they are subjected to slight relative oscillatory motion with or without
effects of corrosion product debris between them.

| for fretting (wear) and fretting corrosion should be addressed (in) designs that |allow
between components (e.g. woven wires) that might disrupt anCassociated coating or

fatigue corrosion evaluation

br any evidence of corrosion. Recent data indiedte that corrosion testing post fatigue
e durability testing generally does not provided value over evaluating corrosion ¢n as-
d components.

tion of fatigue testing, specimens should be subjected to detailed microscopic sirface

b Reference [18].

manufacture
NOTE Se
88
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Annex M
(informative)

Guidelines for in vitro evaluation of functional performance of

the repair

M.1 |General

Funct
repaifed heartvalve, using quantitative metrics such as pressure drop, effective orifice are3
volunje and regurgitant fraction. In addition, indicators of valve performange.in terms ¢
heart|and potential for blood stasis and damage should be assessed. If hydrodynamic asse
repai
demo

strate the intended action of repair, such as a change in dimension-to achieve therap

This pnnex provides guidance for test equipment, test equipmernt validation, formul
protofcols and test methods for evaluating the functional perforfance of heart valve repai
meth¢ds for evaluating functional performance may be defined by the manufacturer (e.g. 3
validated computational models). The examples presentedin this annex should be utilize
for dgveloping test protocols and reporting results of these alternate tests. Equipm
procedures should be appropriate for the valve's intéided indication, e.g. adult/paediatr
side. $ee Table 3 and Table 4, and Annex H for reconimended test conditions. The manufac
utilize test conditions that simulate the worst case’scenario based on an assessment of de
at different test conditions and its impact on native valve. See 7.2.2 for additional inform
condifions and sample selection.

M.2 (Steady back-flow leakage testing

M.2.1 Measuring equipment accuracy

M.2.11.1 Steady flow leakage flowrate should have a minimum measurement accuracy of +

M.2.1.2 All othepmieasuring equipment should have a minimum measurement accuracy d
full-s¢ale reading;

M.2.2 Testapparatus requirements

ional assessment of the repair in vitro should evaluate the hydrodynamic perforiance of the

,regurgitant
f load to the
tsment of the

" is not feasible or appropriate, functional assessment should be pérformed using methods that

eutic effects.

htion of test
rs. Other test
ppropriately
bd as a guide
ent and test
ic, left/right-
turer should
vice function
ation on test

| ml/s.

f+5 % of the

M 2 4 Lanl) 4 | 1 1.£1 1 1 b i 1 111 | R . 41 b
whnkan L T SC4dUy UdULRITUW ITARAZT LTS UG SITUUIU DT LUITUULITU TIT dIT dPppPdldtus Uldt

is capable of

generating constant back pressures appropriate for the intended device application in accordance with
Table 3 and Table 4. See Annex H for guidelines regarding suggested test conditions for the paediatric
population.

M.2.2.2 The native heart valve model should be defined by the manufacturer to represent a
physiologically relevant condition. Examples of such models are prosthetic valve, ex vivo porcine heart
valve and ex vivo whole heart models.

M.2.2.3 A standardized nozzle in accordance with Figure M.1 can be used to characterize the back
pressure, leakage volume flow rate and pressure measuring equipment. A plot of expected values for the
backflow standard nozzle gradients can be found in Figure M.2. When accounting for acceptable accuracy
tolerances, measured values should agree with these data.
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NOTE Results when using physiologic saline with specific gravity of 1,005 g/ml and viscosity of 1,0 cP.
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Figure M.1 — Standard nozzle; back fi&v (dimensions in millimetres)
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Figure M.2 —Back flow nozzle gradients

M.2.2.4 The repeatability of the test system should be evaluated and documented.
M.2.3 Test procedure

M.2.3.1 Measure the static leakage across the valve before and after repair at a minimyim of 3 back
pressfires appropriate-for the intended device application (i.e. hypotensive, normotensiye, moderate
hypertensive conditions). Collect at least five measurements at each level of back pressure fpr each valve.

M.2.4 Testreport

The steady'backflow test report should include:

a) adescriptionofthefluidusedforthetestinchudingits bivtogicatorigimorchemicat components,
temperature, viscosity and density under the test conditions;

b) a description of the steady backflow test apparatus, including calibration of measurement
equipment;

c) details of the mean, standard deviation, minimum value and maximum value of the performance
test variables at each simulated condition, presented in tabular and graphic form; i.e. static leakage
volume flow rate, expressed in 1/min, as a function of back pressure.
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M.3 Pulsatile-flow testing

M.3.1 Measuring equipment accuracy

M.3.1.1 The pressure measurement system should have an upper frequency limit (-3 dB cut-off) of at
least 30 Hz and a differential measurement accuracy of at least 0,26 kPa (*2 mmHg). The flow meter
should have an upper frequency limit (-3 dB cut-off) of at least 30 Hz.

M.3.1.2 Regurgitant volume measurements should have a measurement accuracy of at least +2 ml.

M.3.1.3 All
full-scale rea

M.3.2 Test

M.3.2.1 Thq
and flow wa
appropriate

guidelines re

M.3.2.2 Thq
flow rates.

M.3.2.3 Thq

M.3.2.4 Thq
physiologica
valve and ex

M.3.2.5 Thq
device in the

M.3.3 Test

M.3.3.1 Tes

other measuring equipment should have a measurement accuracy of at least 5 %
ding.

apparatus requirements

e pulsatile-flow testing should be conducted in a pulse duplicator whieh produces pr¢
veforms that approximate physiological conditions over the required’ physiological
or the intended device application in accordance with Table 1 and Table 2. See Annex

pbf the

ssure
range
H for

carding suggested test conditions for the paediatric population.

e test system should permit measurement of time-dependent pressures and volur

e repeatability of the test system should be evaluated and documented.

e native heart valve model should be.defined by the manufacturer to repres
ly relevant condition. Examples of such(models are prosthetic valve, ex vivo porcine
bivo whole heart models.

e test system should allow for verification of proper positioning and function of the
native heart valve model through direct or indirect visualization.

procedure

ts should be carried out before and after repair in the position in which it is intended

used. Qualitative and quantitative assessments should be made.

M.3.3.2 Hy

rodynafni¢’ measurements should be measured at simulated conditions (i.e. cycle

hetric

ent a
heart

repair

to be

rate,
H for

simulated cafdiacsoufput, mean back pressure) in accordance with Table 3 and Table 4. See Annex
guidelines regarding suggested test conditions for the paediatric population. Recommended con

itions
for heart valye tésting are presented below, and these conditions may be appropriate based on in‘j&nded
device application and test system (Reference ISO 5840 series).

M.3.3.3 Pressure difference should be measured at four simulated cardiac outputs between 2 and 7 1/
min (e.g. 2; 3,5; 5; 7 1/min), at a single simulated normal heart rate (e.g. 70 beats/min).

M.3.3.4 Regurgitant volumes should be measured at three different pressure conditions representative
of hypotensive, normotensive, and severe hypertensive conditions; at three simulated low, normal, and
high heart rates; and at a normal simulated cardiac output (see Tables 3 and 4).

M.3.3.5 At least 10 measurements of each of the following variables should be obtained from either
consecutive or randomly-selected cycles:

a) mean pressure difference across the test heart valve;
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mean and RMS flow rates through the test heart valve;
forward flow volume;

cycle rate;

mean arterial pressure over the whole cycle;

systolic duration, as a percentage of cycle time;

regurgitant volume, including the closing volume, the leakage volume and the corresponding mean

pressure difference across the closed valve.

M.3.3.6 Assess the flow fields (velocity and shear) in the immediate vicinity of theitésf
Techrliques for such measurements include, but are not limited to, laser Dopplerveloci

digit

particle image velocimetry (DPIV) and computational fluid dynamics (CFD)~The CFL

be verified to make sure that the correct equations and physics are being medelled as a

valve

design being evaluated. CFD results should be validated by comparison with experimg

M.3.3.7 Quantitatively assess the haemolytic and thrombogenic poténtial of the valve 1
design in each position of intended use, either in the studies describbed in M.3.3.5, or othg

vitro,

computational and/or in vivo studies. Measures such as shéar rate magnitude vs.

partidle residence time should be considered.

M.3.4 Testreport

The pjulsatile-flow test report should include:

a)

b)

d)

O

description of the fluid used for the test, iricluding its biological origin or chemical
t¢mperature, viscosity and density under-the test conditions;

apparatus, including a schematic/diagram of the system giving the relevant chamber
chamber compliance (if a compliant chamber is used), details of the location of t
rIeasuring sites relative to«the base of the leaflets of the heart valve, pressure 1
i

waveforms at nominal conditions;

ah assessment, incliiding appropriate documentation, of the opening and closing ac
heart valve substitiite and, if appropriate, its adjacent flow field under stated conditios

a| permanent.recording of at least 10 consecutive or randomly selected cycles
dependent simultaneous pressures, proximal and distal to the heart valve, and the
throughtit. Details of mean, standard deviation, minimum value and maximum
following performance test variables at each simulated condition for each test heart

heart valve.
metry (LDV),
code should
pplied to the
ntal results.

'epair device
r relevant in
Huration and

components,

a|description of the pulse duplicator, asspecified in M.3.2, and its major components anpd associated

dimensions,
he pressure-
neasurement

strumentation frequency Jresponse, and the appropriate representative pressufre and flow

fion of a test
1S;

of the time-
volume flow
value of the
valve should

bg ‘presented in tabular and graphic form:

simulated cardiac output;

cycle rate;

systolic duration, expressed as a percentage of the cycle time;
forward flow volume;

mean and RMS flow rates;

mean pressure difference;

effective orifice area (provide formula used);
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p)

94

— regurgitant volume, closing volume and leakage volume, expressed in millilitres and as a
percentage of forward flow volume; and the corresponding mean pressure difference across
the closed valve;

— mean arterial pressure over the whole cycle;

appropriate documentation of proper positioning and function of the repair device in the native
heart valve model through direct or indirect visualization;

appropriate documentation and quantitative analyses of the velocity and shear stress fields in the
immediate vicinity;

approprm € qualitative and quantitative documentation for the haemolytic an rombqgenic
potentia.
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Annex N
(informative)

Durability testing

General

The 1
apprd
requi
not rg

epair device should be tested under appropriate loads while simulating device“fu
priate environment and representative target implant site to a specified @umlk
Fed to demonstrate in vitro device durability. This annex specifically refers tosdevi
pair durability, since it might not be possible to conduct durability testing of the rq

For spme devices, the same testing may address requirements of both fatigue’and durah

the m

This
durak
by th
indic4
ands

N.2

anufacturer should justify when this approach is utilized.

hnnex provides guidance for formulation of test protocols and tést methods for §
ility of heart valve repair devices. Other test methods for evdluating durability ma
e manufacturer. Equipment and test procedures should be appropriate for the valy
ition, e.g. adult/paediatric, left/right-side. See 7.2.2 for additional information on te
hmple selection.

Measurement equipment accuracy

The measurement accuracy and repeatability ofthe test system should be evaluated and

Data
apprd
N.3

Tests
Table

sampling rate and natural/ resonant-frequency of the measurement equipmer
priate to test conditions.
Test parameters

should be performed at{ lpading levels corresponding to normotensive pressure
3 or Table 4. The manufacturer should justify the cycle rate based on the devic

matel

Parti
thera
minin
Vivo
impl
apprd

ials of construction.as)these might influence the results of durability tests.

ular aspects thatean affect the anticipated in vivo device lifetime or device propertie
by, tissue ingrowth) should be taken into account. Durability testing should be per

ifetimesSpecific devices can experience changes in environment or loading con
tatien\(e.g. tissue ingrowth, the manufacturer should take this into account while
priate durability testing durations.

nction in an
er of cycles
Ce durability,
pair in vitro.
ility testing;

ssessing the
y be defined
re's intended
st conditions

documented.
it should be

specified in
b design and

s (e.g. bridge
formed for a

hum of 400>million cycles, unless justified when a particular device has a lower anticipated in

ditions post-
determining

If hea

rt valve repair devices identical in design are intended for use in multiple valve posi

tions, testing

should include the loading conditions defined for the worst case valve position. See Annex H for

guide

N.4

lines regarding suggested test conditions for the paediatric population.

Results evaluation

Some wear is expected on valve repair devices after completing durability testing. Failures, however,
are characterized by excessive structural damage and/or functional impairment of the device. A clear
definition of “failure” should be established and be consistent with respect to the specific failure
mode(s) identified by the risk analysis. Examples of structural deterioration include holes, tears, gross
delamination, severing, fraying, incomplete leaflet coaptation of the repaired valve anatomy and/or the
heart valve repair device. Examples of functional impairment include excessive regurgitation and/or
excessive transvalvular forward flow pressure difference with the repaired heart valve.
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N.5 Real time wear testing

In addition to accelerated wear testing, wear testing at physiologic conditions (e.g. beat rates < 200 bpm)
may be considered. The results of this testing may be used to evaluate the validity of accelerated
durability test results.

N.6 Dynamic Failure Mode

Potential modes of failure associated with heart valve repair deterioration should be identified. A
possible evaluation method is to continue testing the valve repairs that have survived the minimum

requirement
employed depending on the device design, materials, and construction. The method(s) used she
justified.

N.7 Reportrequirements

The durability assessment report should include:

a)
b)

‘)
d)

e)
f)

g)

h)

j)

96

a list of the repair devices, including any reference device/ procedure uséd to conduct the tes
descriptjon and dimensions of the implanted repair device;

justification for the reference device used, if applicable;

justification of the simulated repair (e.g. ex vivo mitral annulus evaluation);

justification for cycle rates and total simulated cycles used;

the passffail criteria and justification for the criteria;

a description of the fluid used for the agsessment, including biological origin or chg
compongnts, temperature, viscosity, pH, andSpecific gravity under the simulation conditions

ay be
1d be

ring;

mical

descriptjons, specifications, and validations of all test apparatus and references to ajnd/or

descriptjons of any procedures usedto complete the assessment;

a list of pertinent test conditions-(e.g. cycle rate, average peak closed pressure difference), s
pressurg waveforms, and rationale for any deviations from those test conditions specifie
durabilitly testing;

a detailed description/ofthe appearance of the heart valve repair and functional performance

hmple
ed for

prior

to test, af the completion of the test, at periodic intervals during the test, and upon the development

of structiural change and/or failure. Any damage should be characterized by using the appro
means (p.g. Histology of components or surface characterization). It should be indicated
repairs yere‘intact for the length of the evaluation and if they met the pass/fail criteria.

briate
if the
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Fatigue assessment

0.1 General

Fatigllle assessment helps evaluate potential failure modes in the heart valve repain Jievice under
physiplogical and pathological loading conditions. This annex outlines one approach to fatigue
assespment, however other approaches to fatigue assessment may also be considered, such as creep
mode]ling and probabilistic methods.

A fatipue assessment may consist of:

— alstress/strain analysis of the structural components and the heartvalve repair devige under, at a
nminimum, simulated in vivo moderate hypertensive conditions, and other relevant loafing modes;

|
[8)

fatigue characterization of structural components of the lieart valve repair device;

|
QO

fatigue lifetime assessment of the repair components/device.

r Definition o 0 1
l boundary\@n tions J

Identify, Y03ding modes
Quantify deformations/ forces
Definte deployed shapes

A 4

~
Vylidated de\m.:e stress/ Fatigue demolstration test
A S ] —~ —~ — T T e m - - — - 200M Lyecles
Simulated in vivo conditions !
A 4
- Gdometry ( N\ .
- Cdnstitutive material model é@ctural component fatigue assessment
- Dgployed shapes )
°  Fatigue lifetime
D assessment Component fatigue
Fatigue safety factor tests
k determination
\ ™ 'y N
Material e life
de ation e | Fatiguie testing to failure
(SiN or &-N testing)

- Cdupon’geometry & processing
- Constitutive material model
- Target stresses & strains

Figure 0.1 — Example schematic of a structural component fatigue assessment using a stress or
strain-life approach

The selection of stress analysis or strain analysis should be employed depending on the material of the
structural component.
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0.2 Stress/strain analysis of structural components of the heart valve repair
device under simulated in vivo conditions

A validated stress/strain analysis (e.g. finite element analysis) under simulated in vivo conditions
should be performed on key structural components of the repair device, if possible. Other components
such as sutures or cloth should be considered for their reaction loads but would not necessarily require
analysis.

The analyses should fully represent the range of deployed device configurations and the loading
conditions associated with the implantation site. If all possible deployed device configurations are not
analysed, it is necessary to conduct an analysis to identify the configuration of the device that have the
greatest potemtiatforfatture:

Stress/strair] analysis should account for all physiologic loading conditions to which the device will be
subjected. It might not be feasible to simulate all combined loading modes in a single analysis; hoyever,
any de-couplling or superposition of loading modes should be justified. Physiologic loading will depend
on the implant site and device design, and may include, but is not limited to:

— differential pressuresacrossthe device (minimum pressures associated withimoderate hypertgnsive
conditions);

— stresses|occurring during valve opening and closing;
— radial dijatation and compression;

— torsion;
— bending
— axial tenlsion;

— axial comppression;

— linear/ tfansverse compression (e.g. crushing).

These items fhould be considered in the éontext of anatomic variability and pathologic changes within
the implantafion site.

The manufadturer should identify-and justify the appropriate in vivo loading conditions for the sfress-
strain analygis. Pressures assqéiated with normal, hypertensive and hypotensive conditions are|given
in Table 3 anfl Table 4. See Anfiex H for guidelines regarding suggested test conditions for the paediatric
population.

The entire sfress/strainthistory of the device in each loading step should be considered in the stress/
strain analydis. Thesentire stress/strain history may include, but is not limited to:

— initial faprication, manufacturing, test, inspection, sterilization, shipping, and storage;

— crimping/loading onto the delivery system;

— deployment/ implantation;

— retrieval and re-deployment (if applicable);

— physiologic loading conditions during and post-implantation.

Residual stresses/strains resulting from manufacturing processes that were not included in test
specimens (e.g. material coupons) and any stress concentrations associated with the manufacturing
process should be included in the stress/strain analysis. Residual stresses/strains might also result from
the device crimping process, loading the device onto an associated delivery system, and deployment/
implantation.
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It is important to ensure that the maximum stresses are not underestimated. Device motion and
functional configuration are not always symmetric. For this reason, the stress/strain analysis should
be performed on entire device/component geometries unless it is demonstrated that the use of a
simplified model, e.g. with symmetry conditions is representative of the full analysis.

An accurate constitutive model for each material should be used in any stress/strain analysis, including
time-dependent, temperature-dependent and/or nonlinear models as appropriate. Development of
constitutive models or evaluation of appropriate constants for existing constitutive models should be
justified and based on testing of material that is representative of the actual structural component,
including material processing and environmental exposures (e.g. sterilization). The geometry and
mechanical properties of simulated implantation sites should be justified and included in the analysis.

Valid:
the p
valida
meas

ition of the stress/strain analysis should be performed to demonstrate sufficient-g
redicted results. While it is left to the manufacturer to develop and justify such.av
ition should include comparison of predicted simulation results against dadtual ¢
irements from the heart valve repair device.

0.3 |Fatigue characterization

0.3.]‘L
Fatig

General

e characterization generally falls into four main categories;

a) sgress/life (S/N) for use with classical stress/life assessinent;

b) strain/life (¢/N) for use with classical strain/life assessment;

c) fatigue crack growth for use in damage toleranee analysis (DTA);

d) cpmponent testing for use in demonstrating fatigue resistance.

The manufacturer should determine. and justify the most appropriate characteriz
assespment approach(es) for the specific material and device design. However, th
characterization technique should be consistent with the subsequent lifetime assessmg¢
used.|Fatigue characterization ofieach structural material/component should be perform
propdrties necessary for the fatigue analysis (e.g. endurance limit) are appropriately deter

Coup¢n test specimens Auised to determine material properties should be produced in
as to|ensure the specimen is representative of the actual material in the device com
micrd
temp

erature) should-be determined. Device components used as test specimens should be re

onfidence in
hlidation, the
bxperimental

ation(s) and
e particular
bnt approach
bd so that all
mined.

such a way
ponents (e.g.

structure, crystallinity, density). For example, material properties for nitinol components (e.g. Ar

presentative

of actjual clinical{components (e.g. fabrication methods, defect population). All test specimens should

be exposed/ pre-conditioned to all of the environments encountered in manufacturing,
clinicpl usé-Stress or strain levels specified for the fatigue characterization should be jus

shipping and
tified by the
enced by the

manuffacturer and should encompass the worst case anticipated stresses or strains exper
comp®s H-v he e 6 HSs-expert : :
be obtained from the stress/strain analysis (See 0.2). Cyclic test rates/frequencies shoul

onent should

d be justified

by the manufacturer, as they are dependent on the type of material used for the structural components
of the device. Testing should be performed in an environment that is representative of the physiological
environment with respect to its effect on fatigue behaviour (e.g. PBS at 37°C for medical alloys). The
mathematical formulations used for fitting the data, other statistical analysis, and extrapolations to
predict endurance limits should be specified whenever applicable. The testing should fully represent the
range of deployed device configurations and the loading conditions associated within the implantation
site. If all possible deployed device configurations are not tested, it will be necessary to conduct an
analysis to identify the configuration(s) of the device with the greatest potential for fatigue failure. If
other failure modes are observed as a result of fatigue characterization, they should be reported and
appropriately evaluated further.
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Fatigue testing should be performed in such a manner as to preserve the anticipated in vivo failure
mechanism. For example, nitinol has been shown to be relatively insensitive to test frequency and
environment for fatigue crack growth measurements. If an accelerated protocol is used (e.g. increased
test frequency), the manufacturer should justify the appropriateness of the test frequency chosen.

0.3.2 Stress/life (S/N) characterization

Classical S/N characterization is performed by generating failure data at various cyclic stress levels and
load ratios to determine the maximum allowable stress for a specified design lifetime.

Testing should be performed at stress levels, including both amplitude and mean values, at least as

severe as th

senredicted by computational analusis (e o FEA) undermoderate hunertensive nre
r J J o J J K |

sures

and other re¢

levant in vivo loading conditions with a safety factor justified by the manufactufe

. Test

frequency arld environment, including test temperature and physiologically representative fluid, should
be specified pnd justified by the manufacturer.

NOTE Anjendurance limit, as classically defined, might not exist for all materials when ekXposed to corfrosive
environments.

0.3.3 Strajn/life (¢/N) characterization

While stress|has traditionally been the basis for controlling fatigue testsiand as a means of monitoring
fatigue perfprmance and failure for conventional engineering materials, strain provides a|more

practical and
Strain life (
amplitude le
design lifetin
approach sh

appropriate means of analysing materials such as nitinol'given its superelastic prope
/N) characterization is performed by generating«failure data at various cyclic
vels and mean strain levels to determine the magimum allowable strain for a spe

brties.
strain
cified

he. In such cases where stress-life characterization for nitinol is preferred, this alterpative

uld be justified by the manufacturer.

Testing sho

d span a sufficient range of both amplitude and mean strain conditions to establis

h and

ration
esses
U test
y the

characterize|the fatigue response of the material, Strain levels specified for the fatigue characteris
should be jufstified by the manufacturer and should encompass the worst case anticipated sti
or strains ekperienced by the component in,vivo. Test frequency and environment, includin
temperature| and physiologically representative fluid, should be specified and justified b
manufacturdr.

NOTE Anlendurance limit, as classically defined, might not exist for all materials when exposed to corrosive

environments.

0.3.4 Fatigue crack growth (da/dN) characterization

Fatigue crack growth festing is used in association with damage tolerance analyses. This anplysis
employs a fatigue crack growth relation governing crack propagation from inherent flaws in the
material/comhponent. Thus, the fracture toughness and fatigue crack growth behaviour relating the
rate of crackl growth, da/dN, to an appropriate measure of the cycling crack driving force (cominonly
taken as the i ess intensi Q e determined fo materi

Fatigue crack growth testing can be performed on representative test specimens or actual components.
In either case, an appropriate measure of the crack driving force should be known. It is often more
convenient and common to use more standard fracture specimens whose crack driving force solutions
are readily known and available. Because crack growth kinematics depend on the mode of loading (e.g.
opening versus shear), testing should also be performed to simulate the anticipated in vivo mode of
crack growth.

Unless plane strain conditions are ensured for the test specimen, testing should be performed on
specimens whose thickness is at least as thick as the actual component. While machined notches may
be used to aid and control the formation of a crack, it might be necessary to pre-crack the specimen
prior to generating acceptable crack growth and/or toughness data. However, care should be taken
in pre-cracking so as not to overload the specimen. For example, for nitinol, overloads might cause
large compressive stresses to develop near cracks, resulting in retarded growth and potentially non-
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worst case crack growth behaviour. For the same reason, testing should generally be performed under
increasing crack driving force to mitigate potential retardation effects.

Testing should span the range of crack driving force from threshold, or minimum anticipated driving
force, to near toughness to adequately establish and characterize the fatigue crack growth behaviour
of the material. For example, normally nitinol does exhibit threshold behaviour, below which no crack
growth occurs. If a threshold is to be used in subsequent damage tolerance analyses, the manufacturer

should establish and verify its existence.

0.3.5 Component testing

rer. Because
alysis of the

ecific failure
failure prior
erformed, at
ng artefacts.

Testing artefacts should in no way influence the potential foirthe test to cause fatigue-indyced damage.
0.4 |Fatigue lifetime assessment

0.4.1 General

Based on fatigue characterization completed per 0.3, a lifetime assessment of the structural

comp,
failur
apprd
apprd
matel
fatigy
the m
may |k
which

pnents and/or device should be performed to evaluate risks associated with fa
e modes. While it is left to the discretion of the manufacturer to determine and jus
priate lifetime assessment approach(es) for the specific material and device design, t
ach should be consistent with the appropriate supporting characterization techniqu
ial fatigue characterization (i.e. ¢/N or fatigue crack growth) was developed, it cou
e lifetime assessments of several failure modes provided the material data are repr
aterial and loadings;of each particular failure mode. Deterministic or probabilisti
e employed for fatigue lifetime assessments. If fatigue safety factors are reported, t}
safety factorS.were computed should be explained.

The ljfetime ass€ssment methods (e.g. stress-life assessment, strain-life assessment) sh
and afcountfor’the effects of allowable variances such as dimensional tolerances and m3
relatgd defects, material variations (e.g. voids, impurities, material property variations

tigue-related
tify the most
he particular
. If a general
|d be used in
esentative of
C approaches
e method by

buld identify
nufacturing-
, and assess
er’s justified

whethet-the methodologies for assuring variances are maintained within the manufactuj

acceptancecriteria:

0.4.2 Stress-life (S/N) assessment

The S/N structural fatigue life is based on the S/N data to determine the predicted lifetime of the repair
device at the maximum mean and alternating stresses as determined from the stress analysis. The
stress-life assessment should reflect the inherent variability in the fatigue data as well as a measure of
confidence in the stress analysis.

0.4.3 Strain-life (¢/N) assessment

The ¢/N structural fatigue life is based on the ¢/N data to determine the predicted lifetime of the repair
device at the maximum mean and alternating strains as determined from the strain analysis. The
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