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ISO 5840-

Foreword

1:2021(E)

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.
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Introduction

There is, as yet, no heart valve substitute which can be regarded as ideal.

The ISO 5840 series has been prepared by a group well aware of the issues associated with heart valve
substitutes and their development. In several areas, the provisions of the ISO 5840 series deliberately
have not been specified to encourage development and innovation. It does specify the types of tests,
provides guidance for test methods and test apparatuses and requires documentation of test methods
and results. The areas with which the ISO 5840 series are concerned are those which ensure that
associated risks to the patient and other users of the device have been adequately mitigated, facilitate
quality ass i fTrictam i i i S vice
is presentedl in a convenient form. Emphasis has been placed on specifying types of in vitrao-testing,
preclinical in vivo and clinical evaluations, reporting of all in vitro, preclinical in vivo, and clinical
evaluations| and the labelling and packaging of the device. Such a process involving in vitro,.preclinhical
in vivo, and|clinical evaluations is intended to clarify the required procedures prior to-market release
and to enablle prompt identification and management of any subsequent problems.

With regard to in vitro testing and reporting, apart from basic material testing ferymechanical, phygical,
chemical, aipd biocompatibility characteristics, the [SO 5840 series also coversimportant hydrodynamic
and durability characteristics of heart valve substitutes and systems required for their implantaltion.
The ISO 5840 series does not specify exact test methods for hydrodynamic'and durability testing, but it
offers guiddglines for the test apparatus.

The ISO 5840 series is intended to be revised, updated, and/or amended as knowledge and technifjues
in heart valye substitute technology improve.

This document is used in conjunction with ISO 5840-2 and SO 5840-3.
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Cardiovascular implants — Cardiac valve prostheses —

Part 1:

Ge

neral requirements
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document is applicable to heart valve substitutes intended for implantation andprovi
irements. Subsequent parts of the ISO 5840 series provide specific requirements!

document is applicable to newly developed and modified heart valvejsubstitutes
ssory devices, packaging, and labelling required for their implantatigncand for detet
opriate size of the heart valve substitute to be implanted.

b840-1 outlines an approach for verifying/validating the design and manufacture of a

Herived from the risk assessment. The tests can include those to assess the physicg
gical, and mechanical properties of heart valve substitutes.and of their materials and ¢
tests can also include those for preclinical in vivo evaldation and clinical evaluation of
t valve substitute.

b84.0-1 defines operational conditions for heartwalve substitutes.
b84.0-1 furthermore defines terms that are.dfso applicable to ISO 5840-2 and ISO 5840-

5840-1 does not provide requirements’specific to homografts, tissue engineered h
valves intended to regenerate in vivoe), and heart valve substitutes designed for imp

circylatory support devices. Some of-the provisions of ISO 5840-1 can be applied to valves

hum

NOTE
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cons
und{

ISO
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an tissue that is rendered non-viable.

»

A rationale for the previsions of ISO 5840-1 is given in Annex A.

Normative referemnces

titutes requifements of this document. For dated references, only the edition cited

b840-2;-Cardiovascular implants — Cardiac valve prostheses —Part 2: Surgically implante(
Fitutes

des general

and to the
mining the

heart valve

titute through risk management. The selection of appropriate qualification tests apd methods

], chemical,
omponents.
the finished

3.

eart valves
antation in
made from

following docGments are referred to in the text in such a way that some or all of their content

hpplies. For

ited refererices, the latest edition of the referenced document (including any amendments) applies.

{ heart valve

ISO 5840-3, Cardiovascular implants — Cardiac valve prostheses —Part 3: Heart valve substitutes
implanted by transcatheter techniques

ISO 10993-1, Biological evaluation of medical devices — Part 1: Evaluation and testing within a risk
management process

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 (all parts), Sterilization of health care products — Radiation

ISO 11607 (all parts), Packaging for terminally sterilized medical devices

ISO 13485, Medical devices — Quality management systems — Requirements for regulatory purposes
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[SO 14155, Clinical investigation of medical devices for human subjects — Good clinical practice

[SO 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, Sterilization of health care products — General requirements for characterization of a sterilizing
agent and the development, validation and routine control of a sterilization process for medical devices

ISO 14971,

edical devices — Application of risk management to medical devices

ISO 15223-
Part 1: Geng

ISO 22442
IEC 62366

3 Terms

For the pur
ISO and IEC

IECEle

31
accessory
device-sped

3.2
adverse ev|
AE
untoward n
with study

Note 1 to ent
symptom, of
implantation

3.3
area-derivi
Dy

ISO Onlline browsing platform: available at https://www.iso.org/obp

|, Symbols to be used with medical device labels, labelling and information to be supplig
ral requirements

pll parts), Medical devices utilizing animal tissues and their derivatives

hll parts), Medical Devices — Application of usability engineering to meditcdl-devices

and definitions
boses of this document, the following terms and definitions-apply.

maintain terminological databases for use in standardization at the following address¢

ctropedia: available at http://www.electropedia.org/

ific tool that is required to assist in the implantation of the heart valve substitute (3.30)

ent

pnedical occurrence in a stirdy subject which does not necessarily have a causal relation
freatment

ry: An AE can be anunfavourable and unintended sign (including an abnormal laboratory find

disease, tempgrary or permanent, whether or not related to the heart valve substitute (3.3
procedure.

pd valve diameter

d —

ship

ing),
D) or

calculated

ralve diameter based on area (A) of the device [i.e. a “D-Shaped” transcatheter mitral

alve

implantation (TMVI) device; refer to Figure 1]: Dy = \J4A /T

Note 1 to entry: This approach is typically used for labelling the sizes of TMVI devices where valves are designed
for a noncircular geometry.
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1 areaofvalve

DA=

3.4
arte
mini

3.5
arte
max

3.6

D, = V44/n
Area-derived diameter

Figure 1 — Area-derived valve diameter for a non-circular deévice

rial end diastolic pressure
mum value of the arterial pressure during diastole

rial peak systolic pressure
imum value of the arterial pressure during systole (3.68)

back pressure

diffe

3.7

bod
BSA
tota

Note
and 4

3.8
card
co
stro

3.9

clos
port
sing

rential pressure across the valve during the ¢losed phase

y surface area

surface area (m?2) of the human(body

1 to entry: This can be calculated (Mosteller's formula) as the square root of the product of the
he height in cm divided by 3 600 (see Reference [26]).

iac output
ke volume (3.64)times heart rate
ng volume

ion<ofithe regurgitant volume (3.49) that is associated with the dynamics of valve closy
ecycle (3.13)

Note

1 to entry: See Figure 2.

weight in kg

re during a

Note 2 to entry: The volume of flow occurring between end of systole (3.23) and start of leakage (3.59) for aortic
and pulmonary positions; between end of diastole (3.21) and start of leakage for mitral and tricuspid positions.

3.10

coating
thin-film material that is applied to an element of a heart valve system (3.31) to modify its surface
physical or chemical properties
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3.11

compliance
relationship between change in diameter and change in pressure of a deformable tubular structure (e.g.
aorta, conduit) defined in ISO 5840 (all parts) as

r,—r, )x100
(1)

n X(pz —Pq )

where

C

P1

r

Note 1 to enflry: See ISO 25539-1.

Key
X time

ist

x100%

e r‘nmp]ianr‘p inunits of % radial r‘hnngplﬁ Q0 mml—]g;

ist

ist

ist

ist

Y

+

he diastolic pressure, in mmHg;
he systolic pressure, in mmHg;
he inner radius at p,, in millimetres;

he inner radius at p,, in millimetres.

Y flowrate

NOTE

1 closing volume
2 leakage volume

The total regurgitant volume is the sum of the closing volume and the leakage volume.

Figure 2 — Schematic representation of flow waveform, regurgitant volumes, and end of

closure determination for one cycle
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3.12
control valve
heart valve substitute for preclinical and clinical evaluations of similar design and constructed of

simi

Note

lar material as the investigational device

1 to entry: The control valve should have a known clinical history.

3.13

cycl

e

complete sequence in the action of a heart valve substitute (3.30) under pulsatile-flow conditions

3.14

cycle rate
beaf rate
er of complete cycles (3.13) per unit of time usually expressed as cycles per minute (cycles/min or
beatls/min [bpm])

nu

3.1

desilen verification

esta

3.16

desilgn validation

esta

use(3) (3.33)

3.17,

device embolization
dislgdgement from the intended and documented original position to an unintende

ther

3.18

dev

hpeutic location

ce failure

inabjlity of a device to perform its intended function

31

diagtole

dia

olic duration

portjion of cardiac cycle time corresponding to ventricular filling

Note

3.20

effe

EOA|

orifi

NoteH

1 to entry: Refer teFigure 3 and Figure 4.

Ctive orifice area

ce areathat has been derived from flow and pressure or velocity data

blishment by objective evidence that the design output meets the design input requirements

blishment by objective evidence that device specifications.conform with user needs and intended

1 and non-

£ i I H i i 4 LOA dafi <l
T COCTIT Yy . T OT T VICT U CCSTITE, L OUTT IS OCTIIICU asSy

A = qVRMS

eo
A
51,6x, | ==
P

where
Ao is the effective orifice area (cm?);
q, is the root mean square forward flow (3.54) (ml/s) during the positive differential pressure peri-

RMS  od (3.44);

Ap (mmHg);
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p is the density of the test fluid (g/cm3).

3.21

end of diastole

ED

end of forward flow (zero crossing of flow to negative) for mitral and tricuspid positions

Note 1 to entry: ED corresponds to the start of valve closure (SC) for the mitral and tricuspid positions. Refer to
Figure 3 and Figure 4.

3.22

end of positive differential pressure
EPDP
second crogsing of aortic and left ventricular pressure waveforms for aortic position; second crogsing
of pulmonalry and right ventricular pressure waveforms for pulmonary position; second ¢rossing of
atrial and ventricular pressure waveforms for mitral and tricuspid position

Note 1 to enffry: Refer to Figure 3 and Figure 4.

3.23
end of systple
ES
end of forwprd flow (zero crossing of flow to negative) for aortic and pulthonary positions

Note 1 to enffry: ES corresponds to the start of valve closure (SC) for the aortic and pulmonary positions. Refer to
Figures 3 a) and 4 a).

3.24
end of clospre
EC
point in the|cardiac cycle at which the valve is fully closed

Note 1 to enflry: EC corresponds to the first zero crossing of the flow waveform from negative to positive flow.

Note 2 to erftry: If there is no zero crossing from negative to positive flow, EC can be defined from a ljnear
extrapolatioh of the maximum slope of the flow:to the zero line (refer to Figure 2).

Note 3 to enffry: Refer to Figure 3 and Eigure 4.

3.25
failure mogle
mechanism|of device failuye\(3.18)

Note 1 to enfry: Supportistructure fracture, calcification, and prolapse are examples of failure modes.

3.26
flexible valve
heart valve stbstitute (3.30) wherein the occluder (3.42) is flexible under physiological conditions|(e.g.
bioprostheses)

Note 1 to entry: The orifice ring might or might not be flexible.

3.27
follow-up
continued assessment of patients who have received the heart valve substitute (3.30)

3.28

forward flow volume

volume of flow ejected through the heart valve substitute (3.30) between start of systole (3.61) and end
of systole (3.23) for aortic and pulmonary positions; between start of diastole (3.58) and end of diastole
(3.21) for mitral and tricuspid positions

6 © IS0 2021 - All rights reserved
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3.29

fracture

complete separation of any structural component of the heart valve substitute (3.30) that was
previously intact

3.30
heart valve substitute
device used to replace the function of a native valve of the heart

3.31
heart valve system
set ¢f elements provided to Teptace the native he substitute,

accepsories (3.1), packaging, labelling, and instructions

3.32
implant site

implant position

intended location of heart valve substitute (3.30) implantation or deployment

3.33
intepded use
use |of a product or process in accordance with the specifications, instructions, and Jnformation
proviided by the manufacturer

3.34
Kaplan-Meier method
statistical approach for calculating event rates over #ime when the actual dates of events for each
perspon in the population are known

3.35
leakage volume
portiion of the regurgitant volume (3.49) which is associated with leakage during the closegl phase of a
valvp in a single cycle (3.13) and is the sum of the transvalvular leakage volume (3.71) and paravalvular
leakgige volume (3.45)

Note|1 to entry: Leakage volume isithe volume of flow occurring between end of closure (3.24) and start of systole
(3.61) for aortic and pulmonary, positions; between end of closure and start of diastole (3.58) for mitral and
triculspid positions.

3.36
linegrized rate
tota] number of events divided by the total time under evaluation

Note|1 to entry:'Generally, the rate is expressed in terms of percent per patient year.

3.37
majorbleeding
epis odeof nrajor-tmnter ratorextermat ‘u}ccdiug thatcausesdeatis; huapitahaatiuu, orpernranent injury
(e.g. vision loss) or necessitates transfusion

3.38

major paravalvular leak

paravalvular leakage leading to or causing any of the following: death or reintervention; heart failure
requiring additional medication; moderate or severe regurgitation; or haemolytic anaemia

3.39
mean arterial pressure
time-averaged arithmetic mean value of the arterial pressure during one cycle (3.13)

© IS0 2021 - All rights reserved 7
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3.40

mean pressure difference
mean pressure gradient

time-averaged arithmetic mean value of the pressure difference across a heart valve substitute (3.30)
during the positive differential pressure period of the cycle (3.13)

341
non-structural valve dysfunction
abnormality extrinsic to the heart valve substitute (3.30) that results in stenosis, regurgitation, and/or
anaemia

haemolytic

Note 1 to entfy:

or positioni
This definiti
structural v3

3.42
occluder
leaflet
component

3.43
pannus
ingrowth o
functioning

3.44
positive di
time period

3.45
paravalvul
portion of
substitute g

3.46
prosthetic
infection in

: p p By prop
g, residual leak or obstruction after 1mplantat10n and clinically important haemolyt1c anag
bn excludes infection or thrombosis of the heart valve substitute and intrinsic factors, which (
lve deterioration (3.65). See Reference [14].

that inhibits backflow
f tissue onto or around the heart valve substitute (3.30)swhich can interfere with no

[ferential pressure period
between start of positive differential pressureiand end of positive differential pressur

ar leakage volume
he leakage volume (3.35) that is associated with leakage around the closed heart ¥
uring a single cycle (3.13)

endocarditis
volving a heart valve substitute (3.30)

Note 1 to enffry: See Reference [28}:

3.47

reference v
heart valve
evaluations

ralve
substitutey(3.30) with an established clinical experience used for comparative in

Note 1 to e

characteristics of the reference valve should be well documented w1th cllnlcal data

3.48

izing
bmia.
ause

rmal

1

alve

vitro

hble),

ry- The reference Valve should approx1mate the test heart valve substltute in type (1f avall

regurgitant fraction

regurgitant

3.49

volume (3.49) expressed as a percentage of the forward flow volume (3.28)

regurgitant volume
volume of fluid that flows through a heart valve substitute (3.30) in the reverse direction during one

cycle (3.13)

and is the sum of the closing volume (3.9) and the leakage volume (3.35)

sl The

Note 1 to entry: Clinically, it might only be possible to measure the leakage volume and might not include the
closing volume.

© ISO 2021 - All rights reserved
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Note 2 to entry: See Figure 2.
3.50
rigid valve

rigid heart valve substitute
heart valve substitute (3.30) wherein the occluder(s) (3.42) and orifice ring are non-flexible under
physiological conditions (e.g. mechanical heart valves)

3.51
risk

combination of the probability of occurrence of harm and the severity (3.56) of that harm

1:2021(E)

[sou

3.52
riskK
syst

[sot

3.53
riskK
over

[sot

3.54
root
RMS
squd
pres
Note
the f

mini

Note

whe

RCE: ISO 14971:2019, 3.18]

analysis

bmatic use of available information to identify hazards and to estimate the.associated 1
RCE: I1SO 14971:2019, 3.19, modified — the word "associated" was added.]
assessment

all process comprising a risk analysis (3.52) and a risk evaludtion

RCE: ISO 14971:2019, 3.20]

mean square forward flow

forward flow

re root of the integral of the volume flow rate waveform squared during the positive
sure interval of the forward flow phase uséd to calculate the EOA

1 to entry: Defining the time interval foy flow and pressure measurement as the positive press
brward flow interval for EOA computation provides repeatable and consistent results for comp

mum device performance requirenients.

2 to entry: This is calculated using the following formula:

qVRMS is the root mean square forward flow during the positive differential pressure period;

isks (3.51)

differential

lire period of
arison to the

Note

qy (t) isthe instantaneous flow at time (t);

ty is the time at the start of the positive differential pressure period (3.44);
ty is the time at the end of the positive differential pressure period.

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

the square of instantaneous flow rate and it is the mean pressure difference (3.43) that is required.

Note 4 to entry: See Figure 3 for representative aortic and mitral flow and pressure waveforms from in vitro
testing. See Figure 4 for representative pulmonary and tricuspid flow and pressure waveforms from in vitro
testing.
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b) Mitral valve

Key

1 aortic pressure

2 leftventricular pressure
3 left atrial pressure
4 aortic flow rate
5  mitral flow rate

NOTE

10

forward flow period
closing flow period
leakage flow period

o o w >

time from in vitro testing

positive pressure differential period

Dashed vertical lines relate to the flow trace. Solid vertical lines relate to the pressure traces.

Figure 3 — Schematic representation of aortic and mitral flow and pressure waveforms versus
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Figure 4 — Schematic representation of pulmonary and tricuspid flow and pressure waveforms
versus time from in vitro testing

3.55

safety

freedom frqm an unacceptable risk
[SOURCE: 1§0 14971:2019, 3.26]

3.56
severity
measure of the possible consequences of a hazard

[SOURCE: ISO 14971:2019, 3.27]

3.57
simulated cardiac output
forward flow volume (3.28) times the heart rate

Note 1 to entry: For in vitro testing, simulated cardiac output (3.8) rather than cardiac output is used:

Ogc = Vi * Iy

Note 2 to entry: where
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0. isthe simulated cardiac output;

SC

ve is the forward flow volume;

r, isthe beatrate.

3.58
start of diastole
SD

1:2021(E)

beginning of the forward flow (zero crossing of flow to positive) for mitral and tricuspid positions

Note[TTo entry: Refer to Figure 3 and Figure Z.

3.5

start of leakage
SL

end pf closure

Note|1 to entry: Refer to Figure 3 and Figure 4.

3.6

starft of positive differential pressure

SPD

first{point in the cardiac cycle at which the pressure on the inflow side of the valve exceeds t
on the outflow side

Note|1 to entry: SPDP can be determined as the first crossingeof the aortic and left ventricular pressur
for the aortic valve position; the first crossing of the pulmonary and right ventricular pressure wave
pulnmonary valve position; or the first crossing of the dtrial and ventricular pressure waveforms f
and fricuspid positions. Refer to Figure 3 and Figure @;

3.61
start of systole
SS
beginning of the forward flow (zero erossing of flow to positive) for aortic and pulmonary p

Note|1 to entry: Refer to Figure 3-ahd Figure 4.

3.62
sterflity assurance level
SAL
proHability of a single viable microorganism occurring on an item after sterilization (3.63)

Note|1 to entry:]tis expressed as the negative exponent to the base 10.

[SOURCE=ISO 11139:2018, 3.275]

he pressure

e waveforms
forms for the
br the mitral

ositions

3.63

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

Note 1 to entry: In a sterilization process, the rate of microbial inactivation is exponential and thus,
of a microorganism on an individual item can be expressed in terms of probability (3.63). While thi
can be reduced to a very low number, it can never be reduced to zero.

Note 2 to entry: See 3.62.

the survival
s probability

[SOURCE: ISO 11139:2018, 3.277, modified — the word "nature" was changed to "rate" and Note 2 to

entry was added.]
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3.64

stroke volume

SV

volume of blood pumped by a ventricle in one systolic contraction

3.65

structural valve deterioration

SVD

change in the function of a heart valve substitute (3.30) resulting from an intrinsic abnormality that
causes stenosis or regurgitation

Note 1 to en
escape, sut
leaflet abras
dysfunction

3.66
support sty
structural
occluder(s)

Note 1 to en
the valve wit

3.67

surgical he
heart valve
implantatio

3.68
systolic du
systole
portion of 4

Ty: 10iS definition inciudes INtrinsic CNanges SUCH as Wear, (atigue (allure, STTess [Tacture, 0cce
e line disruption of components of the prosthesis, calcification, cavitation erosion, leaflet
ion, stent creep, and fabric tear. It excludes extrinsic changes, which cause non-structural
(3.41).

‘ucture
fomponents (e.g. stent, frame, housing) of a heart valve substitute 3.30) that houseq
(3.42) and supports valve loading

ry: For a transcatheter valve or a sutureless surgical valve, the support structure may also ar
hin the implant site.

art valve substitute
substitute (3.30) generally requiring direct visualization and cardiopulmonary bypas
n

ration

cardiac cycle time corresponding to'ventricular contraction

Note 1 to enffry: See Figure 3 and Figure 4 for in‘vitro definition.

3.69
thromboer
embolic eve

Note 1 to ent
organ or lim

3.70

transcathe
heart valve
involving d

nbolism
nt involving a clot(s) that'occurs in the absence of infection

ry: Thromboembpelism might be manifested by a neurological event or an embolic event to an
b (e.g. ocular, corondry, mesenteric, femoral).

ter heartvalve substitute
substitute (3.30) delivered through a catheter and implanted in a manner generally
rectwisualization and generally involving a beating heart

uder
tear,
yalve

the

chor

s for

ther

not

3.71

transvalvular leakage volume
component of the leakage volume (3.35) that is associated with leakage through the closed valve during
a single cycle (3.13)

3.72
usability

characteristic of the user interface that facilitates use and thereby establishes effectiveness, efficiency,
and user satisfaction in the intended use environment

[SOURCE: IEC 62366-1:2015, 3.16, modified — Note 1 to entry has been deleted.]
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3.73
valve thrombosis
thrombus, not caused by infection, attached to or adjacent to the heart valve substitute

4 Abbreviations

For the purposes of this document, the following abbreviations apply.

AP anterio-posterior

AW accelerated wear testing

BSA body surface area

CT computed tomography

DPIY digital particle image velocimetry

ECG electrocardiogram

EOA effective orifice area

FEA finite element analysis

[EC international electrotechnical commission

[FU instructions for use

LDV laser Doppler velocimetry

LV left ventricle, left ventricular

LVOoT left ventricular outflow tract

MAH mean arterial pressure

MRI magnetic resonapce-imaging

RV right ventricle;right ventricular

SC start of yalve closure

TAV tranScatheter aortic valve implantation [also known as transcatheter aortic valve replace-
ment (TAVR)]

TEE transoesophageal echocardiography (also known as TOE)

TMVI transcatheter mitral valve implantation [also known as transcatheter mitral valve replace-
ment (TMVR)]

TTE transthoracic echocardiography

Viv valve-in-valve

ViR valve-in-ring

5 Fundamental requirements

The manufacturer shall determine, at all stages of the product life cycle, the acceptability of the product
for clinical use.
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6 Device description

6.1 General

The requirements of ISO 14630 shall apply.

6.2

Intended use

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

population,

potential adverse events, and intended claims.

6.3 Desi];n inputs
6.3.1 Operational specifications
The manufjcturer shall define the operational specifications for the device includifig’the principles of
operation, intended device delivery approach/process, expected device lifetime, ‘shelf life, shipping/
storage lim]ts, and the physiological environment in which it is intended to function. The manufactjurer
shall carefylly define all relevant dimensional parameters that are required-to accurately selecf the
size of devite to be implanted. Table 1 and Table 2 define the expected physiological parameters of the
intended adult patient population for heart valve substitutes for bothaidrmal and pathological pafient
conditions.
Table 1 — Heart valve substitute operational environment for left side of heart — Adult
population
Parameter General condition
jurrounding medium human heart/Human blood
Temperature 34°Cto42°C
Heartrate 30 bpm to 200 bpm
Cardiac output 31/min to 15 I/min
Horward flow volume 25 ml to 100 ml
Blood pressures and Arterial peak | Arterial end | Peakdifferential pressure across
resultant pressure Systolic diastolic closed valve?
loads by patient pressure pressure Aortic AP, Mitral APy,
condition mmHg mmHg mmHg mmHg
Normotensjue 90 to 140 60 to 90 80 to 115 90 to 140
HypotenSive <90 <60 <80 <90
Hypertensive
Mild 140 to 159 90 to 99 115to 129 140 to 159
I\/Indc\rata 160t0179 100+te-109 130te-144 160-to-179
Severe 180 to 209 110 to 119 145 to 164 180 to 209
Very severe 2210 2120 2165 2210
a  Peak differential pressure across closed aortic valve estimated clinically using the following
relationship:
— AP, ~ pressure associated with dicrotic notch assuming LV pressure is zero = arterial end diastolic
pressure + 1/2 (arterial peak systolic pressure - arterial end diastolic pressure).
— Peak differential pressure across closed mitral valve estimated to be equivalent to arterial peak
systolic pressure.
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Table 2 — Heart valve substitute 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
Bleedpressuresand—Rightventricle—Puhmenary Pealedifferential pressure-across
resultant pressure peak systolic artery end closed valve?
loads by_p_atient pressure diastolic Pulmonary Trictepid
condition mmHg pressure AP, AP,
mmkHg mmHg mmHg
Normotensive 18 to 35 8to 15 13to 28 18to 35
Hypotensive <18 <8 <13 <18
Hypertensive
Mild 35to 49 15to 19 28034 35to 49
Moderate 50 to 59 20 to 24 85to 42 50 to 59
Severe 60 to 84 25to 34 43to 59 60 to 84
Very severe =85 =35 260 =85
a  Peak differential pressure across closed pulmonicyalve estimated clinically using the following
relationship:
—  APp approximately pressure associated .with dicrotic notch assuming RV pressure is rero
approximately pulmonary artery end diastolic\pressure + 1/2 (right ventricle peak systolic pressure -
pulmonary artery end diastolic pressure).
— Peak differential pressure across closed tricuspid valve estimated to be equivalent to right ventricle
peak systolic pressure.

6.3.2 Performance specifications

The |[manufacturer shall establish (i.e. define, document, and implement) the clinical plerformance
requirements of the deviee and the corresponding device performance specifications for the intended
use |and device claims:~The specific performance specifications are provided in ISO $840-2 and
ISO $840-3.

6.3.3 Implantprocedure

The [heart walve system shall provide intended users the ability to safely and effectively [perform all
required pre-operative, intra-operative, and post-operative procedural tasks and achievel all desired
objeftives. This shall include all device specific tools and accessories that intended ukers 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 (all parts).

6.3.4 Packaging, labelling, and sterilization

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

The manufacturer shall provide sufficient information and guidance in the labelling to allow for
appropriate preparation of the implant site, accurate selection of appropriate implant size, and reliable
implantation of the heart valve substitute.
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6.4 Design outputs

The manufacturer shall establish (i.e. define, document, and implement) a complete specification of
the heart valve system including component and assembly-level specifications, delivery system (if
applicable), accessories, packaging, and labelling. In addition to the physical components of the heart
valve system, the implant procedure itself should be considered an important element of safe and
effective heart valve therapy.

6.5 Design transfer (manufacturing verification/validation)

The manufa

materials.

As part of
process co
risk manag
acceptabilif]

he risk management process, the manufacturer shall establish the control rmeasures
ditions necessary to ensure that the device is safe and suitable for its intended use.
ement file shall identify and justify the verification activities necessary to,demonstratg
y of the process ranges chosen.

and
ring

and
The
b the

The manufacturer shall validate any processes for production where the restlting output cannoft be,

or is not, v
Results of

6.6 Risk

The manufg
and justify

7 Desig]

7.1 Gene

The manufj
valve syste
identified f]
(e.g. specifi
in vivo ope
methods fo
ISO/IEC 17(

The manufg
to ensure th

Additional

Ir verification teSting shall be appropriately validated. Refer to the applicable claus

rified by subsequent monitoring or measurement. Process software shall also be valid
plidations shall be documented.

management

cturer shall implement a risk management process;in accordance with ISO 14971 and d¢

n verification and validation

ral requirements

icturer shall perform design.verification to demonstrate that the design output of a i
m meets the design inpu{i;The manufacturer shall establish tests relating to haz

Cations, calibration), test’conditions (with a justification of appropriateness to anticip
rating conditions forthe device), acceptance criteria, and sample quantities tested.

25.

cturer shall'also validate the design of the heart valve system in accordance with I1SO 1]
at the«device meets user needs and is suitable for the intended use.

requirements for design verification testing are provided in ISO 5840-2 for surgical i

h risk management programme, which should bespecified in the risk management plan,

hted.

pfine

eart
ards

rom the risk analysis./Theé protocols shall identify the test purpose, setup, equipinent

ated
Test
bs of

485

eart

valve subst

itutes and ISO 5840-3 for transcatheter heart valve substitutes. For navel heart

alve

substitutes (e.g. sutureless surgical valves), the requirements of both ISO 5840-2 and ISO 5840-3 can be
relevant and shall be considered, if applicable to the specific device design and based on the results of
the risk analysis.

7.2 Invitro assessment

7.2.1 General

In vitro assessment shall be used to mitigate the risks identified in the risk analysis.

18
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7.2.2 Test conditions, sample selection and reporting requirements

7.2.2.1 Testarticles and sample selection

1:2021(E)

Test articles shall represent, as closely as possible, the finished heart valve system to be supplied for
clinical use. Test articles shall be appropriately preconditioned prior to testing, including exposure
to the maximum number of allowed 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. Any
deviations of the test articles from the finished product shall be justified.

The
shap
have
be p

For 4
Sam

def

7.2.1

Whs
shal
and

Tabl

reganE‘ding sampling and conditioning of the test article shall be included within each f
i

articles selected for testing shall fully represent all device configurations (e.g. sizes,
es, use ranges, and implant sites). Depending on the particular test, testing might' not

Fovided.

1l tests, the sample size shall be justified based on the specific intent of the tést and risk
pling shall ensure adequate representation of the manufacturing variabitlity. Additional

ed herein, as appropriate.

p.2 Test conditions

re simulation of in vivo haemodynamic conditions is applicable to the test method, co

be given to the operational environments given in-Table 1 and Table 2 for the adult
in Annex E for the paediatric population. In particular, recommended pressure values
e 3 and Table 4 shall be utilized for the in vitro testing. Where applicable, testing shall bg

usin|
sped
test
ISO

oper

’

b a test fluid of isotonic saline, blood, or a bloed-equivalent fluid whose physical pro

fluid used shall be justified. When animal or human blood is utilized, the recomms
10993-4 and ASTM F1830 should be, considered. The testing shall be performed at t

deployment
necessarily

to be completed for each device configuration. A rationale for device configuration selection shall

hssessment.
nformation
est method

nsideration
population
provided in
performed
perties (e.g.

ific gravity, viscosity at working temperatures) are appropriate to the test being performed. The

ndations of
he intended

ating temperature as appropriate; The measurement parameters shall be defined by the
manpufacturer based on the design irputs.

"able 3 — Recommendedpressure values for in vitro testing for left side of heart — Adult
population
Aortic peak | Aorticend Peak differential pressure
systolic diastolic across closed valve
pressure pressure Aortic AP, Mitral AP,

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
h‘;f;rg’risngfe 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 AP, | Tricuspid AP
mmHg mmHg mmHg mmHg
Normotensive 25 10 20 25
Hypotensive 15 5 10 15
Mild hypertensive 45 17 50 45
M¢derate hypertensive 55 22 40 55
Yevere hypertensive 75 30 50 75
Verjy severe hypertensive 85 35 60 85

7.2.2.3 Rpporting requirements
Each test rgport shall include:
a) purposk, scope and rationale for the test;

b) identification and description of the heart valve system elemetits“tested (e.g. batch number, [size,
configyration);

c) identification, description and rationale for selection of the;reference device(s) where appropriate;
d) numbef of samples tested and rationale for sample size;

e) detailedl description of the test method includingpreconditioning to simulate clinical use;
f) pre-spgcified acceptance criteria, if applicable;

g) verificdtion that appropriate quality assurance standards have been met (e.g. good laborgtory
practicg, ISO/IEC 17025);

h) deviatipns, if any, and discussions-of the effect of the deviations on the scientific validity of the test
results

i) testregults and conclusions”(i.e. interpretation of the results).

The statistiral procedurés'dsed in data analysis and the rationale for their use shall be described.|Test
results and|the concluSions shall be used as an input to the risk management documentation to agsess
the risk asspciated with a hazard/failure mode under evaluation.

7.2.3 Material property assessment

7.2.3.1 General

Properties of the heart valve system components (e.g. support structure, valve leaflets) shall be
evaluated as applicable to the specific design of the system as determined by the risk assessment. The
material 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.

7.2.3.2 Biological safety

The biocompatibility of the materials and components used in the heart valve system shall be
determined in accordance with ISO 10993-1. The test plan recorded in the risk management file shall
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comprise a biological safety evaluation programme with a justification for the appropriateness and
adequacy of the information obtained. The documentation shall include a rationale for the commission
of any biological safety tests carried out to supplement information obtained from other sources and a
rationale for the adequacy of the available data in addressing the risk associated with each biological
endpoint identified as relevant by ISO 10993-1. During the hazard identification stage of a biological
safety evaluation, 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 through established
methods (e.g. mode of action, dose-response, exposure level, biochemical interactions, toxicokinetics).

For heart valve substitutes using animal tissue or their derivatives, the risk associated with the use of
thesp materials shall be evaluated in accordance with the ISO 22442 series.

7.2.3.3 Material and mechanical property testing

The |material properties of all constituent materials comprising the heart valve system and each
elenfent thereof shall be evaluated as applicable to its specific design. Scientific literature citations or
previious characterization data from similar devices may be referenced; however, the applicability of
the literature data to the heart valve substitute shall be justified.

@

Mechanical properties shall be characterized at various stages of manufacture, as applicabl
a) for the structural component raw materials;

b) for the structural component in its final manufactured-state;

c) for the finished device after deployment.

Environmental conditions that might affect device or component performance or durability shall be
evalpated and included in testing protocols (e.g:shelf life testing).

7.2.4 Hydrodynamic performance assessment

Hydrodynamic testing shall be performed to provide information on the fluid dynamic performance
of the heart valve substitute. Annex | provides guidelines for conducting and reporting steady flow
hydjodynamic tests. Guidelines:for conducting and reporting of pulsatile hydrodynamic tests are
proyided in ISO 5840-2 forrsurgical heart valve substitutes and ISO 5840-3 for transcatheter heart
valvp substitutes.

7.2.% Structural performance assessment

7.2.5.1 General

An assessment of the ability of the implant to withstand the loads and/or deformations to which it will
be spbjected shall be performed in order to evaluate the risks associated with potentia] structural
failureamodes

7.2.5.2 Implant durability assessment

The primary goals of the durability assessment are to demonstrate a minimum in vitro durability
lifetime, determine the anticipated durability-related failure modes of a heart valve substitute, and
provide insight regarding the potential failure consequences (e.g. immediate total loss of valve function
or gradual degradation of valve function). However, it is recognized that results from a single durability
test method may provide limited predictive capabilities regarding these goals and the expected in vitro
durability performance. As such, an integrated approach utilizing a combination of complementary
assessment methods provides a more comprehensive process to enable conclusions to be drawn
regarding expected in vitro durability performance.
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A combination of test methods including accelerated wear testing (AWT), dynamic failure mode testing
(DFM), and real-time wear testing (RWT) may be used to provide a comprehensive assessment of
in vitro durability of a heart valve substitute. Computational methods, such as FEA, may be used in
conjunction with these durability test methods. Other results, such as those from chronic pre-clinical in
vivo evaluations, may provide data to augment the in vitro durability assessment conclusions.

A transcatheter valve or surgical valve may be utilized as a reference valve for the durability testing.
It is acknowledged that limitations exist in drawing conclusions about clinical performance from in
vitro durability tests. However, it is possible to conduct a comparison between the study valve and a

reference heart valve in terms of durability performance under the in vitro test conditions.

The manuf:
utilized. At
overall con
using pre-s

The requirg
shall be foll

7.2.5.3 D

An assessnj
be conduct
be appropr
will remain|

Cturer shatl determine and justify the integrated approach and associated test met
h minimum, AWT and DFM testing shall be performed within the durability assessmen
clusion for the durability assessment based on the integrated approach shall be.nepg
hecified acceptance criteria and a comparison to the reference valve (if applicable).

ments and suggested guidelines for AWT, DFM and RWT test methods desgribed in An|
bwed.

evice structural component fatigue assessment

ent of the fatigue performance of the heart valve substitute structural components
bd; all components comprising the support structure, in¢luding anchoring features,
ately considered. Testing shall be performed to demonstrate that the support strug
functional for a minimum of 400 million cycles. Failute criteria for fatigue testing sha

ods
. An
rted

nex |

hall
chall
ture
1l be

justified by|the manufacturer based on the results of the risk assessment.
ntal
ures
vivo
and

The manufpcturer shall identify and justify the apprepriate in vivo loading and environmsg
conditions @ised. Fatigue test and analysis shall, at a miniinum, use conditions consistent with press|
associated with moderate hypertensive conditions listed in Tables 3 and 4 and other relevant in
loading conditions. Annex K makes recommendatigns for loading modes that should be considered

Annex E gives for guidelines regarding suggestéd-test conditions for the paediatric population.

med
br to
urer
cted
Jtical
hetic
shall
rain
t the
riate

A validated|stress/strain analysis of the impldnt under simulated in vivo conditions shall be perfor
on all strudtural components. Validation_of the stress/strain analysis shall be performed in ord
demonstratle confidence in the predicted results (ASME V&V 40). While it is left to the manufact
to develop and justify the validationydapproach, the validation shall include comparisons of pred
FEA resultq against independent experimental measurements. Consideration shall be given to cr
aspects of the target implant(site (e.g. compliance, geometry, native valve or pre-existing prostl
device) wh¢n determining Jeading and boundary conditions. Loading from all valve components

be consideged. Valve metionh and closure geometry is not always symmetric; as such, stress/st
analyses shpll be perferined on entire valve/component geometries unless it is demonstrated tha
use of a simplified model with symmetry conditions is representative of the full analysis. An approp
validated cgnstitutive model for each material shall be used in any stress/strain analysis.

Fatigue chdracterization and lifetime assessment of the structural components under simulatgd in
vivo conditions shall be performed In order to evaluate risks associated with fatigue-related failure
modes. The manufacturer shall determine and justify the fatigue assessment approach and associated
characterization technique adopted in order to best determine the fatigue resistance for the specific
material and valve/component design. The use of material fatigue characterization data from the
literature without sufficient justification is not acceptable. Residual stresses/strains resulting from
manufacturing processes that were not included in fatigue test specimens (e.g. material coupons)
shall be included in the stress/strain analysis. The fatigue assessment shall account for all stress/
strain contributions, including residual stresses/strains resulting from the component manufacturing
processes and residual stresses/strains resulting from loading the device into/onto the delivery system
and device deployment, as applicable to the device design.
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7.2.5.4 Component corrosion assessment

An assessment of the corrosion resistance of all constituent metallic materials comprising the heart
valve system shall be conducted. It is well established that metal corrosion potential can be sensitive
to variations in manufacturing processes (e.g. heat treatment, chemical etching, electropolishing) and
device loading and deployment with the delivery system. Therefore, the corrosion resistance shall be
characterized using the finished conditioned component.

The manufacturer shall provide rationale for the selected test methods and justify that all corrosion
mechanisms and conditions have been considered through testing or theoretical assessments. For
example, the potential for fretting (wear) and fretting corrosion post durability testing should be
evalflated In designs that allow micromotion between components (e.g. V1V, VIR, woven|wires) that
miglt disrupt an associated coating or passive film. Suggested guidelines are provided in Aphnex F.

7.2.¢ Design- or procedure-specific testing

o durability
cific testing
1 additional

In ofder to assess failure modes identified by the risk assessment that might notbe related t
or cgmponent fatigue, design-specific testing might be necessary. In some cases, design-spe
might have direct implications for the overall structural lifetime of a component or valve an

testg might be required. See ISO 5840-2:2021, Annex G and ISO 5840-3:2021, Annex F for gxamples of
design specific testing.

7.2.7 Device MRI compatibility

The [manufacturer shall evaluate the safety and compatibility of the implant with the fise of MRI.

lidance. For
is deployed

Refe
tran
shal

rence ASTM F2052, ASTM F2213, ASTM F2182, ASTM F2119, and ASTM F2503 for gy
scatheter valves, the presence of any pre-existing prosthesis into which the implant
be considered.

7.2.8 Simulated use

within the
conditions.

The fability to permit safe, consistent,;ahd accurate implantation of the heart valve systen|
intended implant position shall be evaluated using a model that simulates the intended use

This
simu
ISO

7.2.9 Human factor$7/usability assessment

In ag
use
IEC
of th
Usah

assessment shall include all elements of the heart valve substitute. Guidelines for
lated use evaluations are~provided in ISO 5840-2 for surgical heart valve subs
b84.0-3 for transcatheterhieart valve substitutes.

dition to conducting simulated use to evaluate the functionality of the heart valve systen
bhall also be-conducted as part of the required usability assessment (or “usability test
b2366 (all parts). The main objective of the usability assessment is to validate that int¢
e device or system can use it safely and effectively to deliver and deploy the device in
ility assessment performance measurements shall be based on use error analysis 1

conducting
titutes and

n, simulated
ng”) as per
ended users
the patient.
esults. The

asse

ssment shall primarily focus on whether or not the design attributes of the system use(

| to conduct

the implant procedure appropriately mitigate identified potential use errors that can occur.

7.2.10 Implant thrombogenic and haemolytic potential assessment

An assessment of the thrombogenic and haemolytic potential of the heart valve substitute shall be
conducted. Methods such as digital particle image velocimetry (DPIV), computational fluid dynamics
(CFD), and ex-vivo methods (e.g. blood loops) might provide a determination of the potential for
thrombus formation; however, other methods (e.g. preclinical in vivo evaluation as described in 7.3)
may also be used as part of this assessment. To perform such an assessment, it is recognized that
results from a single method might not be definitive; an integrated approach utilizing a combination
of complementary methods might provide the most comprehensive conclusion. The manufacturer shall
determine and justify the integrated approach and associated characterization techniques utilized
for assessment of the thrombogenic and haemolytic potential based upon the results of the risk
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analysis. See Annex H for guidelines regarding suggested methods for assessing the thrombogenic and

haemolytic

potential of the device.

The manufacturer shall identify and justify the appropriate in vivo loading and environmental
conditions used, including deployment of the device into pre-existing prostheses, if applicable. The
assessment shall include the immediate vicinity (inflow and outflow) of the heart valve substitute,
including within the valve (e.g. leaflet commissures and cusps). Analysis shall, at a minimum, use
conditions consistent with a low and elevated cardiac output (stroke volume times heart rate) (e.g. 31/
min with hypotensive pressure conditions and 7 I/min with elevated pressure conditions) at 70 beats
per min as listed in Tables 3 and 4. See Annex E for guidelines regarding suggested test conditions for
the paediatric population.

The results
literature a
device with
be made ba

Suggested g

7.3 Prec

A preclinic
placement,
should be b
ISO 5840-2

of the integrated approach shall be interpreted based on comparison to metrics

Ind /or testing of a reference device (e.g. nominal deployed transcatheter valve grsur
clinical history). A conclusion regarding the thrombogenic and haemolytic potential
Sed on the risk assessment.

uidelines are provided in Annex H.

inical in vivo evaluation

il in vivo test program shall be conducted in order to address the heart valve syg
imaging characteristics, and safety and performance, The preclinical program de
hsed on risk management assessment. The specific preclinical requirements are provid
for surgical heart valve substitutes and ISO 5840-3 for transcatheter heart valve substit

Requirements for preclinical evaluation from ISO 14630 also apply.

7.4 Clini

The requirg
for new hea
valve syste
not require
changes of
materials, ¢
mechanical
on the basis

Reference t
Annex |
Annex |
ISO 584
ISO 58

ral investigations

ments of ISO 14630 and ISO 14155 shall apply. Clinical investigations shall be perfor]
rt valve systems and expanded indications for use. For modifications of an existing i
n, if a determination is made baséd on the risk analysis that clinical investigationg
d, scientific justification addresSing safety and effectiveness shall be provided. For d¢
A marketed device that might affect safety and effectiveness (e.g. novel blood-contaq
hanges that alter the flow.characteristics or haemodynamics, and changes that affec
loading on the valve), thesneed for a clinical investigation shall be determined and just
of a risk analysis.

he following textfor-Clinical assessments:

; for echocardiographic protocol;

0-2far specific clinical investigation requirements for surgical heart valve substitutes

rom
bical
shall

tem,
sign
bd in
Lites.

med
eart

are
sign
ting
L the
ified

L shall be followed for clinical investigation endpoints for heart valve replacement devices;

£,

24

rates] s 1. H 1. b by H et 4 4] 4 1 e 1 1 derde.
UTO TUT SPTULITIU LIHIITIL AT THIVES LIS ALIVITTTUUIT TIHITHLS TUT LT AIISLAUIITLICT TITAI L VAIVE SUUSUIT

utes.
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Rationale for the provisions of ISO 5840-1

Rationale for a risk-based approach

1:2021(E)

The
mo
mo
the 5
The
risk
to i

ISO

for
isto
requ
risk

methods included within ISO 5840-1. The manufactuter may choose to follow the best prac
pfined within ISO 5840-1 or may deviate from the method and provide a scientific justification

as d
for (
ratig

The
ma

reg
impt
ade

A2

The
syst

The
Thet
valv

sufchliently reduced.

1, manufacturers have to spend their time looking for ways to comply with'the req

tandard rather than on developing new technologies that could lead to inherently safg
risk-based model challenges the manufacturer to continually evaluate/known and
of the device to develop the most appropriate methods for reducing‘the risks of the
plement the appropriate test and analysis methods to demonstrate that the risks

b840-1 combines a requirement for implementing the risk-based model with best pract
erification testing appropriate to heart valve system evaluation. The intent of the risk
identify the hazards along with the corresponding failuré&modes and causes in order to
isite testing and analysis necessary to evaluate theisk associated with each specific

management process provides the opportunity for;the manufacturer to evaluate the b

oing so. The risk management file required’by ISO 14971 should document these deg
nale.

risk-based model requires a collaborative environment between the device dev]
facturer) and the body responsible for verifying compliance with the applicable
ding safety and performance of the device. The manufacturer should strive for
ovement in device design, as\well as test methodologies that can ensure safety and per
ice with less reliance on years of patient experience for evidence of effectiveness.

Rationale for.preclinical in vivo evaluation

pverall objective of preclinical in vivo evaluation is to test the safety and function of the
bm in a biolegical environment with the closest practically feasible similarity to human

preclinieal in vivo evaluation is the final investigational step prior to human in
efotey it should provide the regulatory body with an appropriate level of assurance th

rationale for basing ISO 5840-1 on risk management is that the traditional requirements-based
1 cannot keep up with the speed of technological innovation. With the reguirements-based

irements of
br products.
theoretical
device and
have been

ce methods
assessment
identify the
hazard. The
est practice
tice method

isions with

eloper (the

regulation
continuous
formance of

heart valve
conditions.

hplantation.
ht the heart

b system 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 system pertinent to the issues being investigated. Since chronic studies
are conducted to elucidate heart valve substitute haemodynamic performance, biological responses,
structural integrity, and delivery system and valve-related pathology in a specific anatomical position,
itis preferable to undertake this longer-term testing of the valves in anatomical positions for which it is
intended.

The concurrent implantation of reference heart valve substitutes enhances the comparative assessment
by providing a bridge to known clinical performance.
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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 under clinical conditions. The tests specified herein do not purport to comprise a complete test
program. A comprehensive test program for the heart valve system should be defined as part of the
risk assessment activities. Where the manufacturer’s risk assessment concludes that the safety and
performance is better demonstrated by other tests or by modifying the test methods included in this
standard, the manufacturer should include in the risk assessment a justification of the equivalence or
superiority of the alternative test or test method.

and
first

The manufjcturer should validate the design of the heart valve system, its packaging, labelling,
accessories| For a new heart valve system, design validation typically occurs in two phases(In-the

phase, the

anufacturer reviews the results of all verification testing and the manufacturing prd

validation prior to the first human implant. The review might also include analysis ©f the scier
pinions of clinicians and other experts who will use the device, and comparisons to histofrical

literature,

evidence fr
for human

the outcom
phase clinid
accessories
activities sh

For a modiffication to an existing heart valve system design or manufacturing method, the conce

verification

bm similar designs. The output of the review should be that the device7is safe and suif
clinical investigations. The second phase of design validation occurs in conjunction

es of the pre-marketing approval of the clinical investigation. The-data from the appf
al investigation should be reviewed to ensure that the device,dts packaging, labelling
are safe and suitable for their intended use and ready for mdrket approval. These valid3
ould be documented.

and validation continue to be applicable but might be limited in scope. The risk an

should defife the scope of the verification and validation.

The use of
since fillers
Testing sho
since these

A.4 Rati

Echocardio
cardiac fur
procedures
evaluation
the results

A.5 Rati

A heartvaly

clinical grade materials and components as’opposed to generic test samples is impoj
, additives, and processing aids can have profound implications on material proper
11d be designed to evaluate areas where'materials are joined (e.g. welded, sutured, or gl
are potential areas for failure.

pnale for echocardiographic assessment

ction and the function of heart valve substitutes. The accuracy of these diagn
depends upon the skill of the operator. All investigating institutions involved in the cli
pf a specific hearftyalve substitute should employ the same echocardiographic protocol
should be checked by a core laboratory (see G.1.4).

bnalefor clinical evaluation reporting

eSystem undergoing clinical evaluation should function as intended with valve complicg

g;:ysis

cess
1tific

able
with
oval

and
ition

s of

tant
ties.
ued)

braphy is presently ac¢epted as a practical and available method for evaluating hujman

bstic
hical
and

ition

rates withi

1 11 PR IS | £, e : 1. e [aal 11 e el
I'oruauly dllTpldUIT PCITUTITIAIILT CHILCT Id TIHTILS. TU CTIHIdUIT dppluUplldit TISK d55T551

pre-operative, peri-operative, and follow-up data should be collated, analysed, and reported.

1ent,

The clinical evaluation of a heart valve system requires documentation of specified complications.
A new or modified heart valve system should have an acceptable level of risk-benefit for the patient
when compared to the current standard of care. Where appropriate, randomized clinical trials should
be conducted comparing the new heart valve system against existing heart valve systems and/or
medical therapy. The clinical evaluation also requires formal statistical evaluation of the clinical data.
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 paediatric and adult study populations. Given the
perceived risks associated with heart valve systems, post-market surveillance protocols should be
established.
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A.6 Rationale for device sizing within labelling and instructions for use

In the past, problems have been reported with the labelling and instructions for use associated with
size designations and sizing procedures for replacement heart valves. This has led to confusion among
users about which size valve to implant in a particular patient. This has also led to confusion about
how to compare results (published or otherwise) from one valve model to another. A solution to the
problem can be achieved by providing more complete and accurate sizing information (e.g. prosthesis
true internal diameter) which will ultimately benefit the clinician and the patient.

A.7 Rationale for human factors engineering

Manllfacturers should incorporate human factors engineering in accordance with IEC 6236 (all parts)
into|their overall product development process in order to ensure the design and development of safe,
effe¢tive, and easy-to-use heart valve systems.
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Packaging

B.1 Requirements

The requirgments of ISO 14630:2012, Clause 10 and the requirements of ISO 11607 (all parts) shall apply.

B.2 Prinfgiple

Packaging $hall be designed to ensure that the user is provided with a heart ¥alve system whose
characteristics and performance are unaltered by normal transit or storagé.\The packaging ghall
maintain the characteristics and performance of the package contents under normal conditions of
handling, trjansit, and storage and shall permit the contents to be presented for use in an aseptic ma;tner.
If necessary, based on risk assessment, there shall be a means to show if the packaging was exppsed
to abnormal conditions (e.g. freezing, excessive heat, container damage)*during transit or storage|that
damaged the heart valve system.

B.3 Conflainers

B.3.1 Unit container(s)
The heart yalve system shall be packaged in unif_container(s) designed so that any damage tq the

unit contaiper(s) seal is readily apparent. Thé-unit container(s) shall meet the requirements of
ISO 11607 (pll parts).

B.3.2 Oufter container

The unit coptainer(s) shall be packaged in an outer container(s) (sales/storage package) to protecf the
unit contairer(s).
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Product labels, instructions for use, and training

General

1:2021(E)

C.1.
The

Labe
with
revi
appl
used
havg
asse
may

C.1.

Each
ISO

General requirements
requirements of ISO 14630:2012, Clause 11 shall apply.

Is, instructions for use, and training programs shall be designed to ensure.that the user

ewed as part of the risk and quality management systems. Labels,) IFUs, implant g
fcable), and instructions for use shall meet country-specific langudge requirements.

shall comply with the requirements of ISO 15223-1. Labelling of heart valve subs|
been on the market before the publication of this document shall be re-evaluated b4
ssment and be modified if necessary, to conform to current standards (additional u
be necessary).

P Unit-container label

unit container shall be marked with atileast word(s), phrase(s), and/or syn
| 5223-1:2016) for the following:

hame or trade name;

model number;

cerial/lot number;

kize and device type, if applicable (e.g. 21 mm, aortic);
word “Sterile” if applicable and the method of sterilization;
For sterile deviees/the use by date or the expiration date;
statement fegarding single use only (if applicable);

reference to see instructions for use for user information.

is provided

information on handling and implanting the heart valve substitute ‘and shall be approved and

ard (where
All symbols
titutes that
sed on risk
ber training

ibol(s) (see

C.1.

B““Outer-container label

In addition to applicable storage instructions, each outer container shall be marked with at least
word(s), phrase(s), and/or symbol(s) (see ISO 15223-1:2016) for the following:

name or trade name of device;

name, address, and phone number of manufacturer and/or distributor and other methods of

contacting the manufacturer (e.g. facsimile number, email address). It might also be necessary
to have the name and address of the importer established within the importing country or an
authorized representative of the manufacturer established within the importing country;

model number;

serial/lot number;
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size and device type;

net con

tents;

the word “Sterile” and method of sterilization if applicable;

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 intended for

investi

ational use only;

any spdcial 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;

referenjce to see instructions for use for user information.

C.1.4 Ins

tructions for use

Each heart yalve system shall have a physical or electronic copy of instructiens.for use that shall ind
at least the

30

name o

name,

following:
I trade name of device;

hddress, and phone number of manufacturer and/ox distributor and other method

contactling the manufacturer (e.g. facsimile number, email address). It might also be neceg
to havg the name and address of the importer established within the importing country o
authorized representative of the manufacturer established within the importing country;

revisio
net con

indicat
consist

device

1 level of IFU and implementation date;
kents;

ons for use and any known contfraindications (the approved indications for use shall be
bnt with evidence gained from the patients studied);

escription including available models and user required dimensions;

descripftion of any accessories’required and reference to their instructions for their use;

how th

e device is packaged/supplied;

the word “Sterile”sannd method of sterilization if applicable;

statem

statem

bnt thatthe device can or cannot be resterilized;

entregarding single use only (if applicable);

lude

s of
sary
r an

fully

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

any special storage or handling conditions;

warnin

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

any warnings regarding handling or implanting the device;

any other warnings or precautions specific for the device including, but not limited to concomitant
procedures of use with other devices;
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instructions for resterilization (if applicable) including the maximum number of resterilization
cycles, parameters which have been proven to be capable of achieving sterility of the device, and
appropriate information relevant to other methods, apparatus, containers, and packaging;

specific instructions for device preparation (i.e. rinsing requirements for tissue valves);
specific instructions for implanting or using the device;

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

list of potential complications;

summary of clinical experience where applicable;

hppropriate magnetic resonance (MR) safety designation (MR conditional, MR safe, or
hnd a statement regarding MRI compatibility;

hny information or instructions which are intended to be communicated.from the phys
patient.

5 Labels for medical records

manufacturer shall provide peel-off, self-adhering labels, or-équivalent with each
bm that enables transfer of device information to the appropriate records. Each label s

the mame or model designation, size, and serial number of the‘heart valve substitute and m

iden|

The

tification.

size of the labels shall be sufficient to display the’required information in a legible

numper of required labels may vary based on individudal country policies.

C.2

If it 1
for 1
prog
neceq
for u

Training for physicians and support staff
s required by the risk assessment; the manufacturer shall establish a structured traini
he physician and staff who are(involved in the peri-procedural care of the patient. T
ram shall be designed to provide the physician and staff with the information and

se. Training records shall-be maintained as evidence that physicians have received

training.

The

a)
b)

training programme’shall include the following elements where appropriate:
description gfiall system components, as well as a summary of the basic principle of op¢

rompleté, peview of the instructions for use including the indications for use, patier
rontraindications, precautions, warnings, potential adverse events, pre-procedure setu
valve,‘implant procedure, and post-procedure patient care;

MR unsafe)

ician to the

heart valve
hall contain
hnufacturer

format. The

ng program
he training
experience

ssary to control user-associated risks when the device is used in accordance with the instructions

hppropriate

bration;

It selection,
D, sizing the

review of Imaging modalities that can be used tor implanting the device,

hands-on bench top demonstration of the heart valve system in a simulated model;

use of the device in an animal model or other appropriate models such as a robotic simulation system;

clinical training program including proctored cases;

user verification/validation determined by predefined criteria.
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Annex D
(normative)

Sterilization

The requirements of ISO 14630:2012, Clause 9 shall apply together with the following.

For deviceq or accessories supplied sterile, sterilization shall occur by an appropriate method|and
SAL, and gdhall be validated in accordance with internationally recognized criteria as speCifigd in
ISO 17665,|ISO 11135, ISO 11137 (all parts), ISO 14160, and ISO 14937. If the manufacturer states
that the heart valve system can be resterilized prior to implantation, adequate instructions shafll be
provided by the manufacturer including parameters that have been proven to be capdble of achigving

sterility of the device.

For any rdusable devices or accessories, the instructions for use shall contain information on
the appropfiate processes to allow reuse including cleaning, disinfection;Zpackaging, and, where
appropriatd, the method of sterilization and any restriction on the number, of reuses.
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ISO 5840-

In vitro test guidelines for paediatric devices

E.1 _General and paediatric definitions

1:2021(E)

Traditionally, heart valve systems have been designed, tested, and labelled for the adult

population.

Manjy real and perceived scientific, marketing, and regulatory barriers have limited, the development

of ppediatric heart valve substitutes. These include the need for small device sizes, pati
reqyiring multiple reoperations, problems with enhanced calcification of, bioprosthet
ived small market size, and a lack of sufficient patients to fill a typical clinical trial. Theg
werg¢ addressed at a paediatric heart valve workshop held in Washington, D€C.on January 12,
was|attended by clinicians, device industry representatives, academicians, and the US Fog
inistration. The following guidelines for in vitro testing of devices intended for the
lation are from a publication based on the workshop. See Tables,E.1 to E.9.

per

Ad
pop

NOTE

See Reference [35].

ent growth
ic tissue, a
e questions
2010 which
d and Drug

paediatric

Somg definitions of paediatrics include only four groups (hew-born, infant, child, and adolescent), but

inpuft from paediatric clinicians led to the addition of the “toddler” subpopulation.

Table E.1 — Paediatric definitions

Paediatric Definition
subpopulation
newborn 0<A<30d
infant 30d<A<1year
toddler 1 year <A <5 years
child 5years <A < 13 years
adolescent 13 years <A < 22 years
Key
A:age

E.2

Pulsatile flow test conditions — Left side

Table E.2 — Pulsatile flow test conditions — Left side

Paediatric Systolic duration MAP Beat rate? Cardiac output?
subpopulation % mmHg
bpm 1/min
newborn 50 45 60, 150, 200 0,3;0,5;1;1,5
infant 50 55 60,120, 200 0,5 1;2;3
toddler 45 65 60, 100, 160 1,5;3;4,5
child 40 80 60, 80, 140 2;3,55
adolescent 35 100 45,70,120 2,5,7
a  See Reference [35].
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E.3 Pulsatile flow test conditions — Right side

Table E.3 — Pulsatile flow test conditions — Right side

Paediatric Systolic duration MAP Beat rate? Cardiac output?
subpopulation
% mmHg bpm 1/min
newborn 50 20 60,150, 200 0,3;0,5;1; 1,5
infant 50 20 60,120, 200 0,5,1;2;3
toddler 45 20 60,100, 160 1,5;3; 4,5
child 40 20 60, 80, 140 2;3,55
adolescent 35 20 45,70,120 2,5,7
a  Sge Reference [35].

E.4 Steady back pressure and forward flow conditions — Left side

Table E.4 — Steady back pressure and forward flow conditions’>— Left side

E.5

Stea

Paediatric Steady back pressure? | Steady forwardflow rates?
subpopulation
mmHg I/min
newborn 40, 80 1,5; 3;5; 10
infant 40, 80,120 3;5;10; 15
toddler 40, 80,120 5,10, 15, 20
child 40, 80, 120, 160 5,10, 15, 20, 25
adolescent 40, 80, 120, 160, 200 5,10, 15, 20, 25, 30
a  See Reference [35].

ly back pressure and forward flow conditions — Right side

Table E.5 — Steady back pressure and forward flow conditions — Right side

Paediatric Steady back pressure? | Steady forward flow rates?
subpopulation
mmHg 1/min
newborn 5,10, 20 1,5; 3;5; 10
infant 5,10, 20 3;5;10; 15
toddler 5,10, 20 5,10, 15, 20
child 5,10, 20, 30 5,10, 15, 20, 25
adolescent 5, 10, 20, 30, 40 5, 10, 15, 20, 25, 30
a  See Reference [35].

E.6 Accelerated wear testing (AWT) test conditions — Left side

34

Table E.6 — AWT test conditions — Left side

Paediatric Minimum mitral peak Minimum aortic peak
subpopulation differential pressure? differential pressure?
mmHg mmHg
Newborn 75 50
a  See Reference [35].
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Table E.6 (continued)

Paediatric Minimum mitral peak Minimum aortic peak
subpopulation differential pressure? differential pressure?
mmHg mmHg
Infant 90 60
Toddler 97 67
Child 105 75
Adolescent 120 90
a  See Reference [35].

E.7| Accelerated wear testing (AWT) test conditions — Right side
Table E.7 — AWT test conditions — Right side
Paediatric Minimum tricuspid Minimum pulnmionary peak
subpopulation peak differential differential pressure?
pressure?
mmHg mmHg
newborn 30 10
infant 30 10
toddler 30 10
child 30 10
adolescent 30 10
a  See Reference [35].
E.8| FEA/life analysis conditions —Left side

Table E.8 —'FEA/life analysis conditions — Left side

Paediatric FEA peak Rigid valves Flexible valvef
subpopulation differential equivalent years equivalent years
pressure/CO?
mmHg/ 1/min
newborn 90/1,5 2
infant 100/3 5
toddter 110/4,5 10 5
child 135/5 10b 5
adolescent 160/7 10b 5
a) See Reference [35].
b Reference [35] states 15 equivalent years, which comes from US FDA.
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E.9 FEA/life analysis conditions — Right side

36

Table E.9 — FEA/life analysis conditions — Right side

Paediatric FEA peak differential Rigid valves Flexible valves
subpopulation pressure/CO? equivalent years equivalent years
mmHg/ 1/min

Newborn 40/1,5 5 2
Infant 40/3 5
Toddler 40/4,5 10 5
Child 40/5 10P 5
Adolescent 40/7 100 5

o
%]

be Reference [35].

b Reference [35] states 15 equivalent years, which comes from US FDA.
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Corrosion assessment
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1:2021(E)

Corrjosion of the heart valve substitute components can cause or contribute to structural
failufre. In addition, corrosion by-products (e.g. metallic ion release) can cause biclogica

res

nses.

Manj types of corrosion mechanisms can act, often simultaneously, on the device over
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corrosion mechanisms are predominantly related to material ‘properties, sur
manufacturing of the component (e.g. uniform corrosion, pitting{ corrosion, and in
bsion), others relate more to the device design (e.g. crevice corrosiovand galvanic corrg
ational conditions (e.g. fretting corrosion, corrosion fatigue, afid stress corrosion cra
Ining, selection, design, and execution of corrosion tests sh@uld ensure that all releva
hanisms and their interactions are identified and assessed to obtain the informatio
1ate the device performance during its service life.

osion assessment may include a variety of electrochemical, microscopic, and gravimetr
h, combinations of qualitative observations, quantitative measurements, and statistig

, and ISO address the technical requiremeénts specified in the test method, but may
ified to appropriately address conditions applicable to device applications. If a standard
e no acceptance criteria are prescribed,the manufacturer shall justify the final acceptd
ted.

dFeded to provide an overall assessment of corrosion. Standard corrosion tests developg

[
»

See Reference [29].

General

only used standatd methods for medical device components include, but are
TM F2129 and,ASTM F746. Non-destructive methods such as electrochemical
troscopy (ASTM)G106) and electrochemical noise measurements (ASTM G199) can be ad
honitoring cotrosion properties and events during accelerated or real-time testing.

corrosionf mechanisms described below are often applicable to materials and
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Pitting corrosion

sessments.

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. Literature citations or previous experience with similar
devices could be referenced. However, the materials, design, and fabrication processes specific to the
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device under analysis can reduce or eliminate the applicability of generic literature. For example, the
pitting corrosion resistance of 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. To capitalize on previous experience with similar devices, it is necessary to
show that their surface chemistries are equivalent.

Pitting corrosion can be assessed by electrochemical methods such as potentiodynamic and
potentiostatic measurements described in ASTM F2129 and ASTM F746. Crevice corrosion occurs 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 blecause it is difficult to mount a test sample without introducing a crevice at the sample/
mount inteyface.

Depending onal

testing such

on the results of pitting corrosion testing, it might be necessary to perform.'additi
as surface characterization, nickel leaching analysis or open circuit potentiak

NOTE S¢e Reference [22].

F.4 Creviice corrosion

Crevice corfosion is a form of localized corrosion which occurs in areas’where parts of the material are

in contact w
liquid in thg
to the rest g
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which are protected by a passive oxide.

Literature
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rith small volumes of stagnant liquid. In short, the limitedmass transfer within the stag
crevice creates a deoxygenized zone with increased salt'and acid concentration comp
fthe liquid. This difference shifts the electrochemicalpotential within the crevice to a1

rosion can result from the design of the component or from formation of deposits
critical crevice. This corrosion mechanismé¢ccurs mainly, but not exclusively, on mate

fitations or previous experience with similar devices can be referenced. However, af
critical crevices is strongly related\to device design and the material passivity is affectg
fabrication processes, generic-literature might not be applicable. To capitalize on prey
with similar devices, it is necessary to show that their surface chemistries and crevice
Crevice corrosion can be\assessed by immersion test methods, as well as electrochern
hder open circuit conditions or applied potential/current such as those describe]
O, ASTM F746, and }S0/16429.
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 bimetallic) corrosion is a form of corrosion in which one metal corrodes preferent
h electrical contact with a different metal. Enhanced corrosion of the more negative
| is"experienced together with partial or complete cathodic protection of the more pos
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If the device contains more than one type of metal such as a support structure with marker bands,
the manufacturer should demonstrate the design’s resistance to galvanic corrosion. It is recommended
that the risk of galvanic corrosion is addressed by theoretical methods such as Evans Diagram and
ASTM G82. If overlapping 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.

F.6 Corrosion fatigue

Corrosion fatigue can be defined as materials failure mechanism which depends on the combined
action of repeated cyclic stresses and a chemically reactive environment. One example is that localized
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corrosion-deformation interactions on smooth surfaces act as crack initiation sites at thresholds lower
than those 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.

NOTE1 See Reference [13].

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 can be necessary to adequately address the corrosion fatigue mechanisms
acting on the device. ASTM F1801 outlines corrosion fatigue testing of standard material specimens
for medlcal 1mplant apphcatlons Corrosmn fatlgue experlments follow d1rectly from procedures for
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Ined corrosion fatlgue tests for the support structure component as justified by the m

£ 2 See Reference [15].

Fretting (wear) and fretting corrosion

fing is defined as the wear process occurring between contacting surfaces hav
latory motion. Fretting corrosion is caused by corrosion reactipns-which occur at the

brasive effects of corrosion product debris between them,

potential for fretting (wear) and fretting corrosion should be addressed in designg
omotion between components (e.g. woven wires).that can disrupt an associated
ive film.

Post-fatigue corrosion evaluation

' completion of fatigue testing and/or device durability testing, specimens should be e}
bvidence of corrosion.

N separately

nufacturer.

ng relative
interface of

closely fitting surfaces when they are subjected to slight relative'pscillatory motion with or without

that allow
coating or

xamined for
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Echocardiographic protocol

G.1 General

G.1.1 Echpcardiography is the standard modality for the routine clinical assessment of replacement
heart valvey.

G.1.2 Imaging facilities should be equipped with systems that have been validated\for the intepded
applicationg in the assessment. They should also utilize personnel that have been specifically traing¢d to
conduct thelrequired assessments.

G.1.3 Studlies should be performed according to defined protocols. Additionally, study-specific trajning
should be cpnducted prior to the study to ensure that all involved persoiidel clearly understand profocol
objectives.

G.1.4 A third party core lab should evaluate studies to:

a) ensurejquality image acquisition and provide a mechanism for feedback;
b) standafdise measurement methods;

c) excluddstudies of inadequate quality.

The core Iab should have established expertise in echocardiography, particularly as it relatds to
the diseasq process targeted for therapy, as well as experience in the assessment of surgicalland
transcatheter replacement heart valves.

G.1.5 Imaging studies should be recorded and archived for review in DICOM format. Data should be
reviewed sqon after recordinga study so that deviations from the protocol can be detected early and, if
necessary, d further study canbe’performed. A high level of interpretability is essential for unbiased flata.
A statement on imaging quality should include percentage of subjects imaged (if not 100 %, how [they
were selectg¢d), and the percentage of images which were poor, inadequate or uninterpretable.

also the numbeér of machines used. Likewise, core laboratories should limit the number of observers

G.1.6 Cenfres should minimize the number of operators performing the protocol-required examq and
evaluating dtudies.

G.1.7 Echocardiography should be performed before discharge after implantation to detect major
abnormalities and should usually be repeated at approximately 4 months to 6 months and at 12 months
and thereafter at least annually.

G.1.8 Consistent imaging methodologies should be used for all time points. For example, TEE and
TTE should not be mixed during follow-up. Likewise, protocol-specified images collected should remain
consistent throughout the course of the study.

G.1.9 Most studies are performed using TTE. TEE should be considered in the presence of mitral and
tricuspid valves for the detection of thrombus and regurgitation. Refer to Reference [37].
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G.2 Echocardiographic studies

G.2.1 Echocardiographic studies should be conducted to capture protocol prescribed information to
address study end points. Typically, this involves standard imaging views in both 2D and colour Doppler
modalities. Imaging planes usually include parasternal long-axis, parasternal short-axis at aortic, mitral,
and papillary muscle levels, apical 4-chamber, apical 2-chamber, and apical long-axis and any additional
views per applicable guidelines. For adequate assessment of replacement heart valves, it is often
necessary to use off-axis views to minimize the effect of shielding. Spectral Doppler is essential.

G.2.2 Image sets of sufficient duration (three-cycle clips) should be collected to ensure a thorough
evalfiation. Typically, in addition to still images, video Ioops demonstrating the previous a}d following

beatk should be collected. In the case of patients with arrhythmias such as atrial fibrillatién, Ionger image

sets should be collected to allow for an assessment of the impact of the dysrhythmia on'the ifdices being

evalpiated.

G.2.3 Electrocardiogram (ECG) and blood pressure should be recorded as‘part of the impging study.
Height and weight should be recorded since some parameters require indexing to body surface area.

G.3| Data collected

G.3.1 A comprehensive study should be carried out describing all chambers and valves inf addition to
the feplacement valve. Examples of information that can be¢ollected include:

— LV: end-systolic and end-diastolic dimensions, wall'motion, wall thickness at the intefventricular
septum and posterior wall, ejection fraction, didstolic function;

— RV:dimensions, function, estimated pulmonaty artery systolic pressure;
— left atrium (LA), right atrium (RA): diniensions, volume;

— Ppstimated pulmonary artery pressures (peak and mean pressures);

— presence of concomitant valvular disease;

— presence/severity of intracardiac shunt (when applicable);

— pize and haemodynainic effect of pericardial effusion.

G.3.2 Indices for'the characterization of a replacement valve include:
— peak tragsyalvular velocity;

— mean\gradient;

— pffective orifice area using the continuity formulae:

— position of the device;
— appearance and motion of cusps;

— presence and degree of regurgitation through and around the valve.

G.3.3 Reporting of structural valve deterioration: echocardiographic definitions of SVD shall include
evidence of deterioration of leaflet morphology and haemodynamic changes, either an increase in
gradient from baseline or new or worsening transvalvular regurgitation. The use of a single threshold
gradient alone is not appropriate. All degrees of SVD should be reported irrespective of whether an
intervention is required.
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Annex H
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sment of implant thrombogenic and haemolytic potential

pnale

A quantitat
an integral

ve assessment of the thrombogenic and haemolytic potential of heart valve replacemeits is
bart of the design verification for these devices. These devices are typically desighed usjng a

variety of materials (e.g. metallic stents, biological leaflets), which might adversely interdet with blood

component
affect their
these inter:
associated

Blood dam

b post implantation. In addition, variations in deployed geometry of these\devices might
thrombogenic and haemolytic potential (see Reference [36]). A detailed-inderstanding of
ictions might help predict the thrombogenic potential post device implantation. The|risk
with any loading processes should be assessed by using suitable test'methods.

hge modelling remains a challenging issue due to the presence of multi-scale li

haemodynamic and biochemical processes, such as platelet activation/rupture due to high shear
stresses, platelet deposition, and clot formation at blood/material intéxfaces. In relation to heart vallves,
the presende of disturbed flow, such as flow stagnation and high shear stresses, have been implidated
in the procgsses leading up to blood damage. In this context, a variety of approaches have been adopted
towards understanding the key factors that might cause jblood damage, including experimé¢ntal

and compu
appropriate

H.2 Genc

This annex
heart valve
provided in|

fational approaches. Due to this complexity, aceombination of these approaches maly be

,as described in this annex.

bral

al of
ch is

provides general guidelines for-assessing the thrombogenic and haemolytic potenti
replacements using a combination of approaches. An example of an integrated approa

Figure H.1.
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1 fefinition of in vivo boundary conditions
2 pxperimental flow field assessment (e.g. PIV)
3 romputational flow field assessment (e.g. CFD, FSI)
4  pxvivo flow testing (e.g. blood loops)
5 pre-clinical in vivo assessment
6 Integrated thrombus and haemolytic assessment

Figure H.1 — Example of integrated thrombus and haemolytic potential assessmentjapproach

- thfs includes the range of deployment variations and relevant haemodynamic conditfons. These
bounpdary conditions are utilized for experimental flow field assessment in represeptative test
fixtyres and compared to reference devices with known clinical performance. Simultanepusly, these
bounpdary conditions are utilized to develop computational models of flow through the |device. The
computational tools developed are validated using experimental data by comparing relevant metrics
and |observations under the conditions studied. Subsequently, the computational tool is utilized to
inveptigate-thrombogenic and haemolytic potential for deployment and anatomical variatipns that the
devipe-might encounter. Ex vivo flow studies (e.g. blood loop testing) and preclinical in vivolassessment
can dlsoprovide insightsintothe thrombogenicand haemolytic potential of these devices by identifying
locations and features with increased risk for thrombus formation. An integrated assessment utilizing
complementary approaches can identify the thrombogenic and haemolytic potential of heart valve
replacements.

In t:[is approach, the appropriate boundary conditions are first defined using available jn vivo data

H.3 Experimental flow field assessment

H.3.1 General

The experimental assessment of heart valve flow fields should be conducted using qualitative
and quantitative flow visualization in pulse duplicator systems, similar to those described in
[SO 5840-2:2021, F.2.2 or in ISO 5840-3:2021, C.2.3. This subclause provides guidance on test
equipment, test equipment validation, formulation of test protocols and reporting requirements for
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flow visualization using digital particle image velocimetry (DPIV); however, other methods such as
laser Doppler velocimetry (LDV) may also be utilized. The results of this experimental assessment may
be utilized for validation of computational flow assessment.

H.3.2 Test apparatus requirements

H.3.2.1 A DPIV system with appropriate spatial, temporal and optical resolution to resolve the flow
fields under investigation should be utilized. Alternatively, phase locked measurements may be used
when calculating quantities based on averaged values.

d be
e of
fluid
Filter
sure

H.3.2.2 AfJhigh power pulsed Iaser with sufficient power to illuminate seeding particles shoul
utilized. Apjpropriate optics should be used to create laser sheets to illuminate the plane/voluy
interest. Nejutrally buoyant particles of appropriate size should be chosen to track accurately-the
flow in the ¢hosen test medium. Fluorescent particles and appropriate camera filters can be.used to
scattered illumination from heart valve components. Particle area density should be contrglled to en
quality cross-correlation results.

NOTE S¢e References [27], [28] and [29] for recommended DPIV system specifications.

H.3.2.3 The DPIV system should have its performance established by testing with standard nozzl
reference heart valves (e.g. mechanical heart valves) with known flow fields. An uncertainty analys
the system $hould also be conducted to estimate the accuracy of the DPLV system.

bS or
is of

H.3.2.4 The flow and pressure measurement system used for DPIV should have similar characterilstics

to those ref¢renced in ISO 5840-2:2021, F.2.2 or in ISO 5840-3{2021, C.2.3.

H.3.2.5 R¢levant dimensions of the intended implant Site should be simulated, including deployiment
variations as anticipated during implantation (e.g. out-of-round). Anatomical aspects of the implant site
that might influence the flow fields in the vicinity*of’the device should also be simulated using the test
apparatus.

H.3.3 Test procedure

H.3.3.1 T¢gst devices should be conditioned per the requirements of 7.2.2.1 prior to DPIV testing.

H.3.3.2 Fdr surgical valves, tesSting should be conducted on one valve from each of the smallest and

largest valvi

H.3.3.3 Fd
deployed v4
be conductd

b sizes along withfhe appropriate reference valves for comparison.

r TAVI devicCes, testing should be conducted on one of each of the smallest and lar
llve sizesrdlong with the appropriate reference valves for comparison. Testing should
bd ackpss the range of deployment variations (e.g. out-of-round) as determined in the

gest
also
risk

assessment

H.3.3.4 For TMVI devices, testing should be conducted on at least two deployed states that bracket
the intended use range as determined by the manufacturer along with the appropriate reference valves
for comparison. With regard to defining the deployed states, consideration shall be given to deployed
valve size (small and large) and deployed valve aspect ratio (commissure to commissure to AP).
Consideration shall also be given to the distance between the inner valve and outer sealing system and
its effect at different deployed conditions. Areas of the ventricle and/or LVOT that might experience flow
disturbances should also be studied for TMVI devices.

H.3.3.5 Tests should be carried out in the intended position of the device at simulated low and high
cardiac outputs (e.g. 21/min and 7 1/min) at 70 beats/min with a 35 % systolic duration or as appropriate
to the intended use of the valve. Table 3 and Table 4 can be used as references for appropriate choice of
operating condition. The haemodynamic waveforms produced by the pulse duplicator shall reasonably
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simulate physiological conditions. See Annex E for guidelines regarding suggested test conditions for the
paediatric population.

H.3.3.6 The test solution used should mimic the kinematic viscosity of blood (e.g. v = 3,5 mm?/s).

H.3.3.7 For each test case, the imaging planes should be chosen based on the device design and
anatomical positioning to appropriately study the regions of interest (e.g. regions of high shear stress
and/or stagnation). For example, imaging planes for a symmetric tri-leaflet design and a symmetric
D-shaped valve are shown in Figure H.2. In each case, the light sheet planes target the areas of high shear
stress and stagnation.

d/4 dj4 d/4 d/a
R —

d
Key
A hnterior
C fommissure
P posterior
d fiameter of major axis
s A-P distance

Figure H.2 — Example imaging planes (axial view) for symmetric trileaflet (left) and a
symmetric D-shaped (right) valve

H.3.8.8 Image acquisition should be triggered using the pulse duplicator system or using|an external
trigder system telallow accurate identification of time points in the cardiac cycle. Pulse sepdration time
for PIV should\be adjusted to ensure quality cross-correlation results.

H.3.8.9« Iniages should be collected for quantitative and qualitative assessment of flow through the
hearft ¥alve. This can include a combination of sequential high-speed images and/or phase logked double
pulseimages at target operating conditions. 1Ne assessment snould inciude measurements at multiple
time points during the cardiac cycle including both systolic and diastolic phases (e.g. early systole, peak
systole, late systole, early diastole, peak diastole, late diastole).

H.3.3.10 Image post-processing should be conducted to obtain velocity vector fields using cross-
correlation algorithms, preferably using adaptive and recursive processing techniques. Vector field
filtering should be utilized to remove outliers.

H.3.3.11 Analyse the acquired data to assess the flow fields (velocity and fluid shear) in the immediate
vicinity of the test valve, including within the valve where possible. Consideration should be given to
any unique valve features that might create any flow disturbances resulting in elevated shear stresses,
turbulence and flow stagnation. The flow field should be investigated both proximal and distal to the
valve, where such flow disturbances are expected to occur.
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H.3.3.12 Additionally, an objective assessment of stagnation potential should be considered. For example,
average velocity or shear stresses within the sinus region over the cardiac cycle and an estimation of
recirculation can be assessed. Similarly, for mitral devices, velocities in left atrium and shear stresses in
the left ventricle can be assessed. These estimates should be clearly defined and interpreted in the report.

H.3.4 Testreport
The experimental flow field assessment report should include:

a) adescription of the fluid used for the test, including its biological origin or chemical components,
temperature, viscosity and specific gravity under the test conditions;

b) a description of the pulse duplicator, as specified in H.3.1, and its major components|and
associated apparatus, including a schematic diagram of the system giving the relevant.chamber
dimensfions, chamber compliance (if a compliant chamber is used), details of the location of the
pressure-measuring sites relative to the base of the leaflets of the heart valve substitute, pressure
measullement instrumentation frequency response, and the appropriate representative pressure
and flow waveforms at nominal conditions;

c) a descifiption of the DPIV system, as specified in H.3.2, including validation method and stjated
accurady and resolution of calculated quantities (e.g. velocity, shear stréss);

d) a description of the test conditions utilized for testing, ineltiding the device deployiment
configyrations and hydrodynamic conditions during testing;

e) approprfiate qualitative photographic documentation and quantitative analyses of the opening and
closing|characteristics for the heart valve substitute;

f) tabular] or graphical illustration of the velocity, visceus shear stress, and if applicable, Reyrjolds
stress fields distinguished by spatial and time comiponents including magnitudes at peak systole
and dialstole;

g) an assgssment using both qualitative (ineluding photographs where possible) and quantitative
measuies of any occurrences of flow separation, flow stasis near the valve, turbulence dyring
forwarg and regurgitant flow including-any extreme turbulence that might lead to haemolysjis or
thrombus, vortex formation, induced jets, or any other observed fluid dynamic related phenomg¢non
includipg any occurrences of valvular incompetence. The assessment should include a conclusi¢n to
its acceptability where possible.

H.4 Computational flow field assessment

H.4.1 General

This annex |p rovides guidance on the computational setup, verification and Validation data evalugtion

important aspect for the appllcatlon of computatlonal models The computational assessment can help
identify locations and features of the heart valve substitute with increased risk for haemolysis and
thrombus formation.

See Reference [34] for best practices for computational flow field assessment.

H.4.2 Computational Model

H.4.2.1 A numerical solver that has appropriate governing formulae, adequate physical representation,
and sufficient accuracy to perform flow and blood damage simulations should be applied. Code
verification, estimation of the discretizational error, and validation against experiments should be
performed to prove the applicability of the software and the computational model (see H.4.3).
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H.4.2.2 All relevant aspects of the implantation scenario (e.g. device, vessel, anatomical surroundings)
should represent the simulated in vivo or in vitro setup as closely as possible. Relevant dimensions of the
intended implant site should be simulated. For validation purposes, the dimensions should correspond
to the respective dimensions of the test apparatus for experimental flow field assessment as closely as
possible. Simplifying assumptions should be justified appropriately (e.g. use of symmetric computational
domains, neglecting chordae tendineae) and the fluid domain should be stated.

H.4.2.3 Appropriate operating and boundary conditions should be utilized. The boundary conditions
(e.g. inlet, outlet, and wall) should represent the in vivo or in vitro conditions of the intended study. For
physiological or pathological boundary conditions, methods such as lumped parameter modelling can
be uged—Fer—validationprrposesdatatakenfromthe-experinentassessmentshowtd-beapplied as the
boumdary conditions.

H.4.2.4 Appropriate fluid and material properties should be used in the simulation$, including
biolggical properties, temperature, viscosity, and specific gravity matching the in vivo or in vitfo condition
as clpsely as possible.

H.4.2.5 Adequate convergence criteria for momentum, continuity; \fluid-structure cgupling and
turbplent quantities, if applicable, should be selected. All resolution and-humerical converggnce criteria
valups should be explicitly stated and physical convergence (e.g. monitoring of physically rglevant fluid
flow|quantity at a monitoring point or surface location) should bé&§hown.

H.4{3 Error analysis and estimation

H.4.8.1 A description of the software quality assurance (SQA) and numerical code verification (NCV)
shodyld be provided for the software used for theiintended study. This may include a comparison to
simplified systems which have an analytical soldtion. Available documentation and verificdtion results
fron] the software developer may be referenced:

H.4.B.2 Sufficient temporal and spatial resolutions should be used. Sensitivity analyses of the
discretization scheme and solver pdrameters (e.g. time step, grid size) should be carried|out for the
actupl system and the flow quantities used in this analysis should be explicitly stated. Finally, the total
simylation time should ensure geriodically stable simulation results.

H.4.8.3 Computational codes should be verified to make sure that the correct formulae and physics are
being modelled as applied to the valve design being evaluated. Simulation results should e validated
by cpmparison with ‘egperimental results. Validation should be carried out in the intended position of
the dlevice at simulated low and high cardiac outputs (e.g. 2 1/min and 7 1/min) at 70 beafs/min with
a 35| % systolicduration or as appropriate to the intended use of the valve. The same fluid properties
as i the experiment should be applied. The system geometry and properties should represent the
recr¢ated.experimental setup as closely as possible (Figure H.3). Data (e.g. pressure or flow]) taken from
the gxpériment should be used as the boundary conditions.

The degree of agreement between the computational and experimental results should be discussed.
Any discrepancy should be justified. Experimental uncertainty estimates should be described. For
validation the following metrics should be considered:

— Quantitative comparison of fluid dynamic parameters (e.g. pressure/flow rates, cardiac output,
maximum flow rate, maximum velocity, total ejection time)

— Quantitative comparison of leaflet kinematics (e.g. leaflet open area (profile, maximum, mean),
valve opening/closing times)

— Quantitative comparison of flow pattern (e.g. velocity profile along certain lines as shown in
Figure H.4)
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Figure H.3 — Examples of flow domains for aortic/pulmonary yalve (left) and mitral/tricugpid
valve (right)
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Figure H.4 — Example planes to be used for computational validation (intersections of planes
define lines for comparison purposes)

H.4.4 Computational simulations

H.4.4.1 Simulations should be carried out in the intended position of the device at simulated low
and high cardiac outputs (e.g. 2 I/min and 7 1/min) at 70 beats/min with a 35 % systolic duration or as
appropriate to the intended use of the valve. Tables 3 and 4 can be used as references for appropriate
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choice of test condition for the adult population. See Annex E for guidelines regarding suggested test
conditions for the paediatric population.

The geometry of the flow domain should represent the anatomical shape and deployment variations
(e.g. based on CT scans). The fluid properties should mimic the properties of blood.

H.4.4.2 The evaluation of the results may include, but is not limited to, information about blood
damage estimation, shear rates, platelet activation, wall shear stresses, and estimation of the washout
time/recirculation/separation. The results of the computational assessment should be interpreted in
conjunction with results from tests such as ex vivo blood testing.

H.4)5 Study report
The fomputational assessment report should include:

a) [Information regarding the used software tools (e.g. commercial solversyor open-gource CFD
packages, software used to generate the geometry (CAD) and anatomicalnyodels);

b) |nformation regarding the system configuration (e.g. the geometry of the device, the computational
Hdomain, dimensions);

c) |Information regarding the governing formulae and/or constitutive laws used to gerform the
computational analysis;

d) |nformation regarding the biological, chemical, and physical properties of the system (e.g. fluid
properties, material properties) including the testing.conditions to get the data;

e) [nformation regarding the conditions that were“imposed on the system, such as the boundary and
oading conditions, initial conditions, and othet*constraints that control the system;

f) Information regarding the numerical implementation used to solve the governing formtilae;
g) [Information regarding code verification performed on the software used for the study;

h) Information regarding the discretization and refinement techniques utilized during the numerical
solution including the estimation of discretization errors;

i) Information regarding validation of the computational model;
j)  results of the computational assessment and discussion of the results;

k) [limitations of thestudy (e.g. assumptions/simplifications) and conclusions.

H.5| Ex vive/blood testing

H.5)1~_General

This subclause provides guidance on test equipment, test procedures, data evaluation and test reports
for the experimental ex vivo assessment of the thrombogenic and haemolytic potential of the heart valve
substitute using blood as a test medium. The tests can provide additional insights by identifying locations
and features of the transcatheter heart valve substitute with increased risk for thrombus formation and
can compare its overall thrombogenic and haemolytic potential with that of a reference valve.

NOTE See Reference [24].

H.5.2 Test apparatus requirements

H.5.2.1 The ex vivo blood testing should be conducted in pulse duplicator systems, similar to those
described in ISO 5840-2:2021, F.2.2 or ISO 5840-3:2021, C.2.3. These systems should produce pressure
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and flow waveforms that approximate physiological conditions over a physiological flow range between
2 1/min and 7 1/min.

H.5.2.2 The test apparatus should have had its properties, performance and repeatability validated and
documented by means of testing reference valves of different sizes in the intended position. Validation
testing may be performed using a test fluid of isotonic saline, blood, or a blood-equivalent fluid whose
physical properties (e.g. specific gravity, viscosity at working temperatures) are appropriate to the
validation testing being performed. The test fluid used for validation testing should be justified. The
validation testing shall be performed at the intended operating temperature as appropriate.

H.5.2.3 TIfie Test apparatus should permit measurement of time-dependent pressures and volumetric
flow rates.

H.5.2.4 R¢
correspond
flow field ag

levant dimensions of the intended implant site should be simulated. The dimehsions shjould
to the respective dimensions of the test apparatus for computational and/or experiméntal
sessment as closely as possible.

ould
prial,

H.5.2.5 The chamber should allow for the usage of blood as test fluid. Particalar'consideration sh
be given to fhe haemocompatibility of all surfaces and system influences in blood contact (e.g. matg
roughness) and physiological flow patterns (e.g. avoidance of stagnation, dead zones).

H.5.3 Test procedure

H.5.3.1 Tdgst devices should be conditioned per the requirements of 7.2.2.1 prior to ex vivo blood
testing.
H.5.3.2 Fqr surgical valves, testing should be conductéd on one of each of the smallest and largest yalve

sizes along With the appropriate reference valves for comparison.

H.5.3.3 Fa
deployed v§

be conductd
assessment

r TAVI devices, testing should be>conducted on one of each of the smallest and lai
llve sizes along with the appropriate reference valves for comparison. Testing should
bd across the range of deployment variations (e.g. out-of-round) as determined in the

gest
also
risk

H.5.3.4 Fd
valve sizes.
the risk ass
With regard
and large)
Considerati

r TMVI devices, testing should be conducted on at least one each of the smallest and la1
Festing should alsgbe conducted across the range of deployment variations as determin
pssment. Testing)should be also conducted on an appropriate reference valve for compar

to defining‘the deployed states, consideration shall be given to deployed valve size (g
and deployed valve aspect ratio (commissure to commissure distance to AP dista
bn shall-alSo be given to the distance between the inner valve and outer sealing system

gest
bd in
son.
mall
hce).
and

its effect at flifferent deployed conditions.

H.5.3.5 Testing should be carried out in the intended position of the device at simulated low and high
cardiac outputs (e.g. 21/min and 7 I/min) at 70 beats/min with a 35 % systolic duration or as appropriate
to the intended use of the valve. Tables 3 and 4 can be used as references for appropriate choice of
operating condition. The haemodynamic waveforms produced by the pulse duplicator shall reasonably
simulate physiological conditions as shown in Figures 3 and 4. See Annex E for guidelines regarding
suggested test conditions for the paediatric population. The blood temperature should be maintained at
a temperature of (37 £ 1) °C during testing.

H.5.3.6 The test medium should be human blood, if available. Porcine or ovine blood may also be
considered due to a similar coagulation system. Appropriate anticoagulation (e.g. low molecular weight
heparin) should be used in order to reduce the probability of embolic thrombi.
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H.5.3.7 The flow as well as the differential pressure across the valve should be monitored in order to
guarantee the correct hydrodynamic parameters during the test procedure.

H.5.3.8 Before starting the test procedure, the prostheses should be weighed, and the following
examples of blood characteristics should be characterized:

a)
b)
c)
d)
e)
f)
g)

H.5.

number of platelets (PLT);
haematocrit (HCT) (e.g. red blood cells or plasma);

activated clotting time (ACT);

Clotting time (CT), e.g. using extrinsic thromboelastometry (EXTEM) or (TEG);
maximum clotting firmness (MCF), e.g. using EXTEM;
base excess (BE);

plasma-free haemoglobin (PfHb).

B.9 Blood samples should be obtained at regular intervals, e.g. at'the beginning of the

everly 30 min and at the end of the test (see parameters listed in H.53)8).

H.5.

B.10 The test should be terminated after a predefined ‘duration (e.g. 4 h to 6 h), or

predefined criterion is met (e.g. increase in differential pressure across the valve).

H.5.
stati

B.11 After the assessment, the blood samples should be analysed and compared to e
stical evaluation of the parameters listed in H:5.3.8 over time should be conducted. The

shoyld be fixated, weighed and microscopically ifispected for the presence of thrombus.

H.5.

B.12 Additional consideration should be“given to emboli that are present within the remg

afterf testing.

H.54 Testreport

The
a)
b)
)
d)

f)

px vivo blood test reportshould include:

h list of the valves, including reference valves, used to conduct the testing;
h description and-the dimensions of deployed valve configuration;

h justification for the reference valve used;

h descCription, specifications and validations of all test apparatus and references
escriptions of, any procedures used in order to complete the based assessment. The d¢
[hetest apparatus should include a schematic diagram of the system giving the releva

rest, at least

whenever a

ich other. A
prostheses

lining blood

to and/or
scription of
nt chamber

dimensions, chamber compliance (if compliant chamber is used), details of the measurement
and blood sampling locations, as well as details of the measurement instrumentation (e.g. type,

frequency response, resolution, accuracy, calibration procedures).

a list of pertinent test conditions (e.g. cycle rate, cardiac output, pressures) including sample
pressure and flow waveforms, and rationale for any deviations from those test conditions specified

for ex vivo blood testing;

a description of the blood used for the assessment (e.g. species, origin, handling, transport time,
concentrations of any additives used), as well as a statistical evaluation of the blood parameters

over time regarding:

1) PLT:
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2) HCT;

3) ACT;

4) CT, e.g. using EXTEM;
5) MCEF e.g. using EXTEM;
6) BE;

7) PfHb.

g) an appijopriate quantitative and qualitative documentation of any tNrombogenic Structure of any
surface| of the heart valve substitute regarding location, size and type of thrombus, as well as the
weight pf the heart valve substitute before and after the assessment;

h) a concliyision based on comparison to literature and/or reference valve.
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Annex I
(informative)

Guidelines for hydrodynamic performance characterization by
steady flow testing

I.1 | General
Steafly flow testing might provide a more consistent method for comparing hydrodynamic performance
acrops valves. This annex provides guidance on test equipment, test equipment validation, formulation
of tefst protocols and test methods for the hydrodynamic performance characterization of heart valves

duripg steady flow testing. Equipment and test procedures should be appropriate for|the valve's
intended use, e.g. adult/paediatric, left/right-side, native valve/pre-existing prosthesis.

1.2 | Steady forward flow testing

1.2.1 Measuring equipment accuracy

I.2.1.1 Differential pressure measurement should have a measurement accuracy of at leagt +0,26 kPa
(¥2 mmHg).

1.2.1.2  All other measurement equipment should have a measurement accuracy of at least{+5 % of the
max|{mum intended test measurement (e.g. flow meter accuracy +1,5 1/min).

1.2.2 Test apparatus requirements

1.2.2.1  Steady flow testing for_heart valve substitutes should be conducted in a straight fube having
an internal diameter of 35 miml."For valves larger than 35 mm, larger diameters of tubes should be
condidered.

1.2.2.2  For transcatheteér valve testing, refer to ISO 5840-3:2021, C.2.4 for definition of the|aortic valve
test fixture and ISO’584.0-3:2021, C.2.5 for the mitral valve test fixture.

1.2.2.3 Thg test system should be capable of generating flow rates of at least 30 1/min.

1.2.2.4."\Flow entering the test chamber should be fully developed; this can be achieved by lllse of a flow
straightener upstream of the heart valve substitute

1.2.2.5 Pressure taps should be located one tube diameter upstream and three tube diameters
downstream from the annular plane of the heart valve substitute. If sufficient data can be provided to
demonstrate comparable results, other pressure tap configurations may be used.

1.2.2.6  Pressure taps should be flush with the inner wall of the tube.

1.2.2.7 A standard nozzle in accordance with Figure I.1 should be used to characterize the forward flow
pressure and flow measuring equipment. A plot of expected values for the forward flow standard nozzle
gradients can be found in Figure 1.2. When accounting for acceptable accuracy tolerances, measured
values should agree with these data. See Reference [25].
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NOTE Based on physiological saline with specific gravity of 1,005 g/ml and viscosity of 1,0 cP.
Dimensions in millimetres
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NOTE The nozzle outer diameter (B) is shown as 50,8 mm; this exact dimension varies based on the
equipment uped for conductingthe study.
Figure 1.1 — Standard nozzle, forward flow
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Figure 1.2 — Forward flow nozzle gradients
1.2.3 Test procedure

Measure the difference across the test valve and the standard nozzle over a flow rate range of 5 1/min
to 30 I/min in 5 1/min increments.
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1.2.4 Testreport

The test rep
a)

ort should include the following:

temperature, viscosity, and specific gravity;

b) adescri

c)

ption of the steady flow apparatus;

a description of the fluid used for the test, including its biological origin or chemical components,

details of the mean, range, and standard deviation of the following performance test variables at

each simulated condition for each surgical heart valve substitute and standard nozzle should be

presen

edintabular and grnphir‘ form:

1) ste
2) for

3)  effd

.3 Stea
[.3.1 Me
I.3.1.1 St

1.3.1.2
+5 9% of the

1.3.2 Test apparatus requirements

1.3.2.1
generating
with Tables

populations.

1.3.2.2 Fdq
to minimiz4g

1.3.2.3 Fd
simulated ¢
and ViR ind
representat

hdy flow rate;
ward flow pressure differences;

bctive orifice area.

ly back flow leakage testing

Asuring equipment accuracy
pady flow leakage flowrate should have a minimum measurement accuracy of +1 ml/s.

All other items of measuring equipment should ha¥é a minimum measurement accura

maximum intended test measurement.

constant back pressures appropriate for the intended device application in accord
|3 and 4. See Annex E for guidelines regarding suggested test conditions for the paedi

r surgical valves, thessurgical heart valve substitute should be mounted in such a mann
leakage around and-through the sewing ring.

r transcatheter/valves, the heart valve substitute should be deployed within fixtur
pnduits representative of the intended implant site and deployed device diameters. Fol
cations;the heart valve substitute should be deployed into simulated operating configuraf
ive of-the intended pre-existing prosthetic device.

1.3.24 A
pressure, le

NOTE

56

ry of

The steady back flow leakage testingshould be conducted in an apparatus that is capablle of

ance
atric

PI" As

ing/
Viv
ions

akage volume flow rate and pressure meas

uring e
the backflow standard nozzle leakage rates can be found in Figure 1.4. When accounting for acceptable
accuracy tolerances, measured values should agree with these data.
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Dimensions in millimetres
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NOTE The nozzle outer diameter (B)(is shown as 50,8 mm; this exact dimension varies Hased on the

equipment used for conducting the study.

Figure 1.3 — Standard nozzle, back flow
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1.3.3 Test procedure

Figure 1.4 — Back flow nozzle leakage rates

Measure the leakage across the test valve and the standard nozzle at five equidistant back pressures
appropriate for the intended device application in accordance with Tables 3 and 4. Collect at least five
measurements at each level of back pressure. See Annex E for guidelines regarding suggested test
conditions for the paediatric population.
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1.3.4 Testreport
The steady back flow test report should include:

a) adescription of the fluid used for the test, including its biological origin or chemical components,
temperature, viscosity and specific gravity under the test conditions;

b) adescription of the steady flow apparatus;

c) details of the mean, range and standard deviation of the performance test variables, at each
simulated condition for each test heart valve substitute and standard nozzle, presented in tabular

nd grnphir‘ form:ie ]nal(agn volume flow rate, nvprnccnd in ]I/min, asafunctionofbac pressure.
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Annex ]
(normative)

Durability testing

J.1 Rationale

A heart valye substitute is expected to last hundreds of millions of cycles, thus an accelerated dppr

is require

durability if vitro in an accelerated manner remains a challenge due to the absence of biological fac
and difficulties in replicating leaflet/occluder kinematics/load durations under accelefated condit

as each of t}
valve in a 1
load duratic
To address

that may af
of these tes

A durability
heart valve
frames, bio
methods (e

J.2 Geng

This annex
combinatio

Figure J.1.

to demonstrate device durability within a reasonable timeframe. However,)) asseg

ese factors may impact the durability conclusion. Accelerating the cyclic opéeration of a I
hanner that replicates valve loading conditions which approximate in*vivo conditions
ns, strain matching, inertial effects) has limitations due to the typieal test frequencies
these concerns, a variety of approaches are proposed to understand better the key faq
fect device durability. Due to the complexity and test duration requirements, a combing
f approaches (AWT, DFM and RWT) may be appropriate, as described in this annex.

r assessment of a heart valve substitute is an integral paft of the device risk assessme
substitute is typically engineered from a variety of materials (e.g. pyrolitic carbon, met

bach
sing
tors,
ions
eart
(e.g.
1sed.
tors
ition

nt. A
allic

ogical tissue or polymer materials) and can include variations in design and deployment

. crimping, ballooning) which may affect device'‘durability.

bral

provides general guidelines for asse§sing the durability of heart valve substitutes usi
h of methods. An example of an-integrated durability assessment approach is providg

ng a
d in
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(@)}

ntegrated durability assessment
Feal-time wear testing

Hynamic failure mode testing
hccelerated wear testing
fomputational analysis results
pre-clinical in vivo evaluation results

N O U1 W

nform risk assessment
Figure ]J.1 — Example ef.an integrated durability assessment

In this approach, the appropriate boundary conditions are first defined using available i vivo data;
this|may include the range of depleyment variations and relevant haemodynamic conditfions. These
bounpdary conditions are utilized*to define experimental test parameters. The AWT results are used
to dpmonstrate a minimum-in-vitro durability lifetime. The DFM results are used to determine the
anti¢ipated durability-related failure modes of the heart valve substitute and provide insight regarding
the potential failure cofisequences. RWT may be useful to verify the results from AWT. Computational
metEods, such as FEA) may be used in conjunction with durability test methods to translate test
conditions imposed jon the heart valve substitute into stress or strain metrics for interpretation of
obsdrved failure modes. Chronic pre-clinical in vivo study results may provide data to augment the in
vitrq durability, assessment conclusion. It is expected that an integrated assessment utilizing multiple
methods willprovide a more comprehensive assessment of device durability. The conclusigns from the
durgbilityassessment provide confirmatory data for input into the device risk assessment.

J.3 Accelerated wear testing

J].3.1 General

This annex provides requirements for test equipment, formulation of test protocols and test methods
for the accelerated wear testing of heart valve substitutes. The heart valve substitutes shall be tested
under appropriate loads while simulating device function in an appropriate fluid environment to a
specified number of cycles required to demonstrate in vitro device durability.

Testing shall be performed to a minimum of 400 million cycles for heart valve substitutes that have
the potential for failure modes resulting in immediate total loss of valve function. Testing shall be
performed to a minimum of 200 million cycles for heart valve substitutes with failure modes that
have been demonstrated to result in gradual degradation of valve function. For valve leaflet/occluder
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material types and/or processing methods without established clinical history, testing durations of
greater than the minimum required cycle counts shall be considered, and scientifically justified if not
performed.

J.3.2 Sample requirements
Test specimens shall comply with the requirements of 7.2.2.1.

For surgical heart valve substitutes, a minimum of 5 devices per labelled valve size shall be tested
unless appropriate scientific justification for not testing all sizes is provided. However, at a minimum,
the smallest, largest, and an intermediate size shall be tested. If surgical heart valve substitutes

identical in
worst-case

For transca
deployed si
deployed cq

valve conditions.

Theter heart valve substitutes, the range of deployed configurations (e.g. elliptigityymini

nfigurations exist for a given size, a minimum of three samples shall bextested per

deployed co¢nfiguration. If the specific configuration(s) for a given size to be tested can be just]

as being wi
configurati
be tested. A
However, af]

prst-case from a durability perspective, it may not be necessary toevaluate all pos
bns. When only a single deployed configuration is tested, a minimdm of five samples
1l labelled valve sizes shall be tested unless appropriate scientific justification is prov
a minimum, the smallest, largest, and an intermediate valve’sizé shall be tested.

J.3.3 Test apparatus requirements

The equipn]
paediatric,

target implj
shall be just

The pressu
measure th
pressure wj
shall be =0
within the
across the ¢
maintainin

ent and test procedures shall be appropriate for the valve's intended indication (e.g. ac
hnatomical position). The test fixture shall be representative of the critical aspects o
int site, deployed size, and shape for the intended patient population. The test fixture d¢g
ified by the manufacturer.

re measurement system (e.g. transducers, sampling rate, filtering frequency) use
e transvalvular pressure difference shall be appropriate for the cycle rate being tested

65 kPa (#5 mmHg) unless otherwise justified. The locations of the pressure transdy
system shall be appropriatély ‘justified to ensure that the differential pressure taf
losed test valves are achiéved. The test system shall be capable of heating the test fluid
b thermal stability with‘ability for temperature measurement.

J.3.4 Test procedure

Normotens
applied for
differential
cycles may

ve differential\pressure conditions across the closed valve (see Tables 3 and 4) sha
5 % or mape' of a single cycle. The manufacturer shall statistically demonstrate tha
pressure.parget is maintained for the required minimum number of cycles. Additional
be requlired to ensure the minimum number of test cycles at the target differential pres

ve, maximum deployed size) shall be represented in the samples to be tested=When muﬂ?iple

design are intended for implant in multiple valve positions, testing shall be conducted alt the

um

each
ified
sible
hall
ded.

lult/
[ the
sign

d to
and

aveform being measured. Minimum accuracy for the differential pressure measureinent

cers
gets
and

11 be
- the
test
sure

have been Ttained. Tests shall be conducted at 37 = 2 °C unless otherwise scientifically justified.

Test valves shall experience full range of leaflet/occluder motion associated with normotensive
conditions. The hydrodynamic performance and valve leaflet/occluder opening and closing kinematics
under normotensive conditions shall be characterized. The valve kinematics under AWT conditions
shall be compared to those under pulse duplicator test conditions, and an assessment regarding the
implications of any differences in observed leaflet/occluder kinematics shall be made. Quantitative
comparison of performance parameters (e.g. geometric orifice area) can be useful in characterizing the
extent of leaflet/occluder opening.

The test cycle rate shall be appropriately justified and should be established based on the heart valve
substitute design and materials of construction, as these might influence the results of durability tests.
Specifying test frequency without consideration to material response may result in unsatisfactory
loading of the valve.
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