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Foreword 

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

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2. 

The main task of technical committees is to prepare International Standards. Draft International Standards 
adopted by the technical committees are circulated to the member bodies for voting. Publication as an 
International Standard requires approval by at least 75 % of the member bodies casting a vote. 

Attention is drawn to the possibility that some of the elements of this document may be the subject of patent 
rights. ISO shall not be held responsible for identifying any or all such patent rights. 

ISO 5840 was prepared by Technical Committee ISO/TC 150, Implants for surgery, Subcommittee SC 2, 
Cardiovascular implants and extracorporeal systems. 

This fourth edition cancels and replaces the third edition (ISO 5840:1996), which has been technically revised 
to include risk management. 
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Introduction 

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

This International Standard has been prepared by a group well aware of the problems associated with heart 
valve substitutes and their development. In several areas, the provisions of this International Standard have 
been deliberately left open as there has been no wish to inhibit development and innovation. It does specify 
types of tests, test methods and/or requirements for test apparatus, and requires documentation of test 
methods and results. The areas with which this International Standard is concerned are those which will 
ensure that associated risks to the patient and other users of the device have been adequately mitigated, 
facilitate quality assurance, aid the surgeon in choosing a heart valve substitute, and ensure that the device 
will be presented at the operating table in a convenient form. Emphasis has been placed on specifying types 
of in vitro testing, on preclinical in vivo and clinical evaluations, on reporting of all in vitro, preclinical in vivo 
and clinical evaluations and on the labelling and packaging of the device. Such a process involving in vitro, 
preclinical in vivo and clinical evaluations is intended to clarify the required procedures prior to market release 
and to enable prompt identification and management of any subsequent problems. 

With regard to in vitro testing and reporting, apart from basic material testing for mechanical, physical, 
chemical and biocompatibility characteristics, this International Standard also covers important hydrodynamic 
and durability characteristics of heart valve substitutes. The exact test methods for hydrodynamic and 
durability testing have not been specified, but guidelines for the test apparatus are given. 

This International Standard is incomplete in several areas. It is intended to be revised, updated, and/or 
amended, as knowledge and techniques in heart valve substitute technology improve. 

Annexes A to S provide supplementary information, the content of Annexes P to S being necessary for the 
application of this International Standard. 
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Cardiovascular implants — Cardiac valve prostheses 

1 Scope 

1.1 This International Standard is applicable to all devices intended for implantation in human hearts, as a 
heart valve substitute. 

1.2 This International Standard is applicable to both newly developed and modified heart valve substitutes 
and to the accessory devices, packaging and labelling required for their implantation and for determining the 
appropriate size of heart valve substitute to be implanted. 

1.3 This International Standard outlines an approach for qualifying the design and manufacture of a heart 
valve substitute through risk management. The selection of appropriate qualification tests and methods are 
derived from the risk assessment. The tests may include those to assess the physical, chemical, biological 
and mechanical properties of heart valve substitutes and of their materials and components. The tests may 
also include those for pre-clinical in vivo evaluation and clinical evaluation of the finished heart valve substitute. 

1.4 This International Standard imposes design specifications and minimum performance specifications for 
heart valve substitutes where adequate scientific and/or clinical evidence exists for their justification. 

1.5 This International Standard excludes heart valve substitutes designed for implantation in artificial hearts 
or heart assist devices. 

NOTE A rationale for the provisions of this International Standard is given in Annex A. 

2 Normative references 

The following referenced documents are indispensable for the application of this document. For dated 
references, only the edition cited applies. For undated references, the latest edition of the referenced 
document (including any amendments) applies. 

ISO 8601:2000, Data elements and interchange formats — Information interchange — Representation of 
dates and times 

ISO 10993-1:1997, Biological evaluation of medical devices — Part 1: Evaluation and testing 

ISO 10993-2:1992, Biological evaluation of medical devices — Part 2: Animal welfare requirements 

ISO 11134:1994, Sterilization of health care products — Requirements for validation and routine control — 
Industrial moist heat sterilization 

ISO 11135:1994, Medical devices — Validation and routine control of ethylene oxide sterilization 

ISO 11137:1995, Sterilization of health care products — Requirements for validation and routine control — 
Radiation sterilization 

ISO 11607:2003, Packaging for terminally sterilized medical devices 

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

ISO 14155-1:2003, Clinical investigation of medical devices for human subjects — Part 1: General requirements 
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ISO 14160, Sterilization of single-use medical devices incorporating materials of animal origin — Validation 
and routine control of sterilization by liquid chemical sterilants 

ISO 14630:—1), Non-active surgical implants — General requirements 

ISO 14937:2000, 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 14971:2000, Medical devices — Application of risk management to medical devices 

EN 12442-1, Animal tissues and their derivatives utilized in the manufacture of medical devices — Part 1: 
Analysis and management of risk 

EN 12442-2, Animal tissues and their derivatives utilized in the manufacture of medical devices — Part 2: 
Controls on sourcing, collection and handling 

EN 12442-3, Animal tissues and their derivatives utilized in the manufacture of medical devices — Part 3: 
Validation of the elimination and/or inactivation of viruses and transmissible agents 

Guidelines for reporting morbidity and mortality after cardiac valvular operations, American Association for 
Thoracic Surgery, European Association for Cardiothoracic Surgery, Society of Thoracic Surgeons, Annals of 
Thoracic Surgery, 62, pp. 932-935, 1996 

3 Terms and definitions 

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

3.1 
accessories 
device-specific tools that are required to assist in the implantation of the heart valve substitute 

3.2 
actuarial 
statistical technique for estimating survival curves prior to the death of the last member of a cohort 

NOTE Some examples are the “Kaplan-Meier” technique and the “life-table” technique. 

3.3 
anticoagulant-related haemorrhage 
internal or external bleeding that causes death or stroke, or that requires transfusion, operation or 
hospitalization 

NOTE This definition is restricted to patients who are receiving anticoagulants and/or antiplatelet drugs, and excludes 
minor bleeding events. 

3.4 
arterial diastolic pressure 
minimum value of the arterial pressure during diastole 

3.5 
arterial peak systolic pressure 
maximum value of the arterial pressure during systole 

                                                      

1) To be published. (Revision of ISO 14630:1997) 
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3.6 
back pressure 
differential pressure applied across the closed valve 

3.7 
blood-equivalent fluid 
fluid whose physical properties, e.g. specific gravity, viscosity, approximate those of blood 

3.8 
closing volume 
component of the regurgitant volume that is associated with the dynamics of valve closure during a single 
cycle 

See Figure 1. 

3.9 
control valve 
heart valve substitute for preclinical and clinical evaluations of similar design and constructed of similar 
material as the investigational device 

NOTE The control valve should have a known clinical history. 

 
Key 
X time 
Y flowrate 
1 closing volume 
2 leakage volume 

Figure 1 — Schematic representation of flow waveform and regurgitant volumes for one cycle 
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3.10 
cumulative incidence 
statistical technique where events other than death can be described by the occurrence of the event over time 
without including death of the subjects 

NOTE Cumulative incidence is also known as ‘actual’ analysis. 

3.11 
cycle 
one complete sequence in the action of a heart valve substitute under pulsatile-flow conditions 

3.12 
cycle rate 
number of complete cycles per unit of time, usually expressed as cycles per minute (cycles/min) 

3.13 
design verification 
establishment by objective evidence that the design output meets the design input requirements 

3.14 
design validation 
establishment by objective evidence that device specifications conform with user needs and intended use(s) 

3.15 
effective orifice area 
AEO 
orifice area that has been derived from flow and pressure or velocity data 

3.16 
failure 
inability of a device to perform its intended function at any point during its intended lifetime 

NOTE The inability to perform the intended function may manifest itself as a reduced operating effectiveness and/or 
as hazards. 

3.17 
failure mode 
mechanism of failure which can result in a hazard 

NOTE Stent fracture, calcification and prolapse are examples of failure modes. 

3.18 
flexible heart valve substitute 
heart valve substitute wherein the occluder is flexible under physiological conditions 

NOTE The orifice ring may or may not be flexible. This category was previously known as biological heart valve 
substitute because of the biological source of the flexible occluder(s) but, at a minimum, should also include flexible 
polymer occluder(s). 

3.19 
forward-flow phase 
portion of the cycle time during which forward flow occurs through a heart valve substitute 

3.20 
hazard 
known or potential source of harm which results from a given failure mode 
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3.21 
harm 
physical injury or damage to the health of the patient or end-user of the device 

NOTE Adapted from ISO/IEC Guide 51:1999 [14], definition 3.3. 

3.22 
heart valve substitute 
device used to replace or supplement a natural valve of the heart 

See also 3.18 and 3.48, and examples in Figures J.1, J.2, J.3, J.4 and J.5. 

3.23 
intended use 
use of a product, process or service in accordance with the specifications, instructions and information 
provided by the manufacturer 

3.24 
internal orifice area 
IOA 
numerical indication of the area within a prosthetic heart valve through which blood flows 

See Figure 2. 

3.25 
intra-annular sewing ring 
sewing ring designed to secure the heart valve wholly or mostly within the patient’s tissue annulus 

See Figure 2. See also 3.24, 3.66 and 3.70. 

3.26 
intrasupra-annular sewing ring 
sewing ring designed to secure a portion of the valve or sewing ring above the patient’s tissue annulus and 
also some portion of the valve within the patient’s tissue annulus 

See Figure 2. See also 3.24, 3.66 and 3.70. 

 
intra-annular 

 
intrasupra-annular 

 
supra-annular 

Key 
1 IOA 
2 TAD 
3 ESRD 
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Figure 2 — Designation of dimensions of heart valve substitute sewing ring configurations 

3.27 
isolated (aortic or mitral) heart valve substitute 
implantation of single heart valve substitute excluding patients who have a second heart valve substitute in a 
different anatomical position 

NOTE Concomitant procedures, including valve repair, coronary artery bypass, and ascending aortic aneurysm 
repair, are not relevant to this definition. See 7.4.4. 

3.28 
leakage volume 
component of the regurgitant volume which is associated with leakage through the closed valve during a 
single cycle 

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

3.29 
linearized rate 
linearized rate for a complication is the total number of events divided by the total time under evaluation 

NOTE Generally, the rate is expressed in terms of percent per patient year. 

3.30 
long term follow-up 
continued (after regulatory approval) periodic assessment of patients who have received the heart valve 
substitute during the clinical evaluation 

3.31 
manufacturer 
organization with responsibility for the design, manufacture, packaging or labelling of a medical device, 
assembling a system, or adapting a medical device before it is placed on the market, regardless of whether 
these operations are carried out by the organization or on their behalf by a third party 

3.32 
mean arterial pressure 
time-averaged arithmetic mean value of the arterial pressure during one cycle 

3.33 
mean pressure difference 
time-averaged arithmetic mean value of the pressure difference across a heart valve substitute during the 
forward-flow phase of the cycle 

NOTE The use of “mean pressure gradient” for this term is deprecated. 

3.34 
nonstructural dysfunction 
abnormality resulting in stenosis or regurgitation of the heart valve substitute that is not intrinsic to the valve 
itself 

NOTE This dysfunction is exclusive of valve thrombosis, systemic embolus or infection diagnosed at re-operation, 
autopsy or in vivo investigation. Examples include entrapment by pannus or suture, paravalvular leak, inappropriate sizing, 
and significant haemolytic anaemia. 

3.35 
occluder 
component(s) of a heart valve substitute, such as rigid or flexible leaflets, discs, and balls, that move(s) to 
inhibit backflow 
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NOTE The occluders of flexible heart valve substitutes are typically called “leaflets” or “cusps”. 

3.36 
operative mortality 
death from any cause during operation or within 30 d of the operation 

3.37 
outflow tract profile height 
maximum distance that the valve extends axially into the outflow tract in the open or closed position, 
whichever is greater, measured from the valve structure intended to mate with the top (atrial or aortic side) of 
the patient's annulus 

3.38 
pannus 
ingrowth of tissue into the heart valve substitute which may interfere with normal functioning 

3.39 
paravalvular leak 
clinically or haemodynamically detectable defect between the heart valve substitute and the patient's annulus 

NOTE The term “perivalvular” is deprecated. 

3.40 
probability 
statistical likelihood that a specific event will occur 

3.41 
process validation 
establishing, by objective evidence, that a process consistently produces a result or product that meets its 
predetermined specifications 

3.42 
profile height 
maximal axial dimension of a heart valve substitute in the open or closed position, whichever is greater 

3.43 
prosthetic valve endocarditis 
infection involving a heart valve substitute 

NOTE Diagnosis is based on customary clinical criteria, including an appropriate combination of positive blood 
cultures, clinical signs (fever, new or altered cardiac murmurs, splenomegaly, systemic embolus or immunopathologic 
lesions) and/or histologic confirmation of endocarditis at reoperation or autopsy. Morbidity associated with active infection 
such as valve thrombosis, embolus or paravalvular leak is included under this category and is not included in other 
categories of morbidity. 

3.44 
quasi-real time durability testing 
long-term durability testing performed at a cycle rate between normal and high normal (up to 200 cycles/min) 

3.45 
reference valve 
heart valve substitute used to assess the conditions established in the in vitro tests used to evaluate the test 
heart valve substitute 

NOTE The reference valve should approximate the test heart valve substitute in type, configuration and tissue 
annulus diameter; it may be an earlier model of the same valve, if it fulfills the necessary conditions. The characteristics of 
the reference valve should be well documented with clinical data. 
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3.46 
regurgitant fraction 
regurgitant volume expressed as a percentage of the stroke volume 

3.47 
regurgitant volume 
volume of fluid that flows through a heart valve substitute in the reverse direction during one cycle and is the 
sum of the closing volume and the leakage volume 

See Figure 1. 

3.48 
rigid heart valve substitute 
heart valve substitute wherein the occluder(s) and orifice ring are non-flexible under physiological conditions 

NOTE This category was previously known as mechanical heart valve substitute. Materials of construction of the rigid 
components of rigid heart valve substitutes have historically been metals, pyrolytic carbon and polymers. 

3.49 
risk 
combination of the probability of occurrence of harm and the severity of that harm 

[ISO/IEC Guide 51:1999 [14], definition 3.2] 

3.50 
risk analysis 
systematic use of available information to identify hazards and to estimate the associated risks 

NOTE Adapted from ISO/IEC Guide 51:1999 [14], definition 3.10. 

3.51 
risk assessment 
overall process comprising a risk analysis and a risk evaluation 

[ISO/IEC Guide 51:1999 [14], definition 3.12] 

3.52 
risk control 
process through which decisions are reached and protective measures are implemented for reducing risks to, 
or maintaining risks within, specified levels 

3.53 
risk estimation 
process used to assign values to the probability and consequences of a risk 

3.54 
risk evaluation 
judgment, on the basis of risk analysis, of whether an acceptable level of risk has been achieved in a given 
context based on the current values of society 

NOTE Adapted from ISO/IEC Guide 51:1999 [14], definitions 3.7 and 3.11. 

3.55 
risk management 
systematic application of management policies, procedures and practices to the tasks of analysing, evaluating 
and controlling risk 
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3.56 
root mean square forward flow 
RMS forward flow 
square root of the integral of the volume flow waveform squared 

NOTE 1 This is calculated using Equation (1). 

2

1

2

RMS
2 1

v
v

( ) d
t

t
q t t

q
t t

=
−

∫
 (1) 

where 

RMSvq  is root mean square forward flow; 

q(t) is instantaneous flow at time t; 

t1 is time at start of forward flow; 

t2 is time at end of forward flow. 

NOTE 2 The rationale for use of 
RMSvq  is that the instantaneous pressure difference is proportional to the square of 

instantaneous flow rate, and it is the mean pressure difference that is required. 

3.57 
safety 
freedom from unacceptable risk 

[ISO/IEC Guide 51:1999 [14], definition 3.1] 

3.58 
severity 
measure of the possible consequences of a hazard 

3.59 
simulated cardiac output 
net fluid volume forward flow per minute, through a test heart valve substitute 

3.60 
special processes 
those processes for which the product cannot be fully verified by inspection or test 

3.61 
sterile 
free from viable micro-organisms 

3.62 
sterility assurance level 
SAL 
probability of a viable micro-organism being present on a product after sterilization 

3.63 
sterilization 
validated process used to render a product free from all forms of viable micro-organisms 

3.64 
stroke volume 
volume of fluid moved through a test heart valve substitute in the forward direction during one cycle 

3.65 
structural deterioration 
change in the function of a heart valve substitute resulting from an intrinsic abnormality that causes stenosis 
or regurgitation 
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NOTE This definition excludes infection or pannus overgrowth, or thrombosis of the heart valve substitute as 
determined by reoperation, autopsy or in vivo investigation. It includes intrinsic changes such as wear, fatigue failure, 
stress fracture, occluder escape, calcification, cavitation erosion, leaflet tear and stent creep. 

3.66 
supra-annular sewing ring 
sewing ring designed to secure the valve wholly above the patient’s tissue annulus 

See Figure 2. 

3.67 
systemic embolism 
clot or other particulate matter, not associated with infection, originating on or near the heart valve substitute 
and transported to another part of the body 

NOTE Diagnosis may be indicated by a new, permanent or transient, focal or global neurologic deficit (exclusive of 
haemorrhage) or by any peripheral arterial embolus unless proved to have resulted from another cause (e.g. atrial 
myxoma). Patients who do not awaken post-operatively or who awaken with a stroke or myocardial infarction are excluded. 
Acute myocardial infarction that occurs after operation is arbitrarily defined as an embolic event in patients with known 
normal coronary arteries or who are less than 40 y of age. 

3.68 
tissue annulus diameter 
TAD 
diameter in millimetres of the smallest flow area within the patient’s valve annulus 

3.69 
validation 
confirmation by examination and provision of objective evidence that the particular requirements for a specific 
intended use can be consistently fulfilled 

3.70 
valve size 
manufacturer's designation of a heart valve substitute which indicates the tissue annulus diameter (TAD in 
millimetres) of the patient into whom the heart valve substitute is intended to be implanted (i.e., TAD = 
designated valve size) 

NOTE This takes into consideration the manufacturer's recommended implant position relative to the annulus and the 
suture technique. See also A.7, Q.2.2 c), Q.2.3 b) and Q.2.3 g). 

3.71 
valve thrombosis 
blood clot, not associated with infection, causing dysfunction of the heart valve substitute 

NOTE Diagnosis may be proved by operation, autopsy or clinical investigation (e.g. echocardiography, 
angiocardiography or magnetic resonance imaging). 

3.72 
verification 
confirmation by examination and provision of objective evidence that specified requirements have been 
fulfilled 

4 Abbreviations 

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

ABS Body Surface Area 

AEO Effective Orifice Area 
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AF Atrial Fibrillation 

ALARP As Low As Reasonably Practicable 

AWT Accelerated Wear Testing 

BSE Bovine Spongiform Encephalopathy 

CFD Computational Fluid Dynamics 

ECG Electrocardiogram 

ESRD External Sewing Ring Diameter 

FEA Finite Element Analysis 

FMEA Failure Mode and Effect Analysis 

FTA Fault Tree Analysis 

IFU Instructions For Use 

INR International Normalized Ratio 

IOA Internal Orifice Area 

OPC Objective Performance Criteria 

PROB Probability Rating 

RIND Reversible Ischemic Neurological Deficits 

RPN Risk Priority Number = SEV × PROB 

SEV Hazard Severity Rank 

SEM Scanning Electron Microscopy 

TAD Tissue Annulus Diameter 

5 Fundamental requirements 

The manufacturer shall determine, at all stages of the product life cycle, the acceptability of the product for 
clinical use. The requirements of ISO 14971 and ISO 13485 shall apply. 

6 Device description 

6.1 Intended use 

The manufacturer shall identify the physiological condition(s) to be treated, the intended patient population, 
potential adverse events and intended claims. 

6.2 Design inputs 

6.2.1 Operational specifications 

The manufacturer shall define the operational specifications for the device, including the principles of 
operation, expected device lifetime, shelf life, shipping/storage limits, and the physiological environment in 
which it is intended to function. Table 1 defines the expected physiological parameters of the intended patient 
population for heart valve substitutes for both normal and pathological patient conditions. 
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Table 1 — Heart valve substitute operational environment 

Parameter Description 

Surrounding medium: Human heart/Human blood 

Temperature: 34 °C to 42 °C 

Heart rate: 30 beats/min to 200 beats/min 

Cardiac output: 3 l/min to 15 l/min 

Stroke volume: 25 ml to 100 ml 

Differential pressure across 
closed valve Blood pressures and resultant 

pressure loads by patient condition: 

Arterial peak systolic 
pressure 

mm Hg 

Arterial diastolic 
pressure 

mm Hg 
Aortic ∆pA 

mm Hg 

Mitral ∆pM 

mm Hg 

Normotensive 100 to 130 65 to 85 95 115 

Hypotensive 60 40 50 60 

Hypertensive     

Stage 1 (mild) 140 to 159 90 to 99 123 150 

Stage 2 (moderate) 160 to 179 100 to 109 138 170 

Stage 3 (severe) 180 to 209 110-119 155 195 

Stage 4 (very severe) > 210 > 120 185 210 

Extreme (expected maximum 
pressure for a single cycle) 300 160 230 300 

6.2.2 Performance specifications 

6.2.2.1 The manufacturer shall establish (i.e. define, document and implement) the clinical performance 
requirements of the device and the corresponding device performance specifications. The limits for device 
performance specifications shall be determined by the manufacturer for the specific heart valve substitute 
design in light of the intended use and claims to be made for the device. The following list of desired clinical 
and device-based performance characteristics describe a safe and effective heart valve substitute. 

6.2.2.2 Specifications shall be defined in respect of at least the following performance characteristics: 

 allows forward flow with acceptably small mean pressure difference; 

 prevents retrograde flow with acceptably small regurgitation; 

 resists embolization; 

 resists haemolysis; 

 resists thrombus formation; 

 is biocompatible; 

 is compatible with in vivo diagnostic techniques; 

 is deliverable and implantable in the target population; 

 remains fixed once placed; 
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 has an acceptable noise level; 

 has reproducible function; 

 maintains its functionality for a reasonable lifetime, consistent with its generic class; 

 maintains its functionality and sterility for a reasonable shelf life prior to implantation. 

6.2.3 Packaging, labelling, and sterilization 

The heart valve substitute shall meet the requirements for packaging, labelling, and sterilization contained 
within Annexes P, Q, and S, respectively. 

6.3 Design outputs 

6.3.1 General 

The manufacturer shall establish (i.e., define, document and implement) a complete specification of the heart 
valve substitute, including component and assembly-level specifications, accessories, packaging and labelling. 
Figure 3 presents a generic block diagram of a heart valve substitute. Annex I contains a listing of terms that 
should be used in describing various valve models. Subclause 6.3.2 provides a listing of examples of typical 
valve components of some heart valve substitutes. 

 

Figure 3 — Generic heart valve substitute block diagram 

6.3.2 Examples of components of some heart valve substitutes 

The following is a listing of examples of typical valve components of some heart valve substitutes. The 
following listing is not meant to be exhaustive. 

 Coating: any thin-film material that is applied to an element of a heart valve substitute in order to modify 
its physical or chemical properties; 

 component-joining material: material, such as a suture, adhesive or welding compound, used to assemble 
the components of a heart valve substitute, thereby becoming part of the implant device (see Figures J.1, 
J.3 and J.4); 

 covering: any element applied to enclose any other element of the heart valve substitute (see Figures J.1, 
J.3, J.4 and J.5); 

 occluder/leaflet: component that inhibits backflow (see Figures J.1, J.2, J.3, J.4 and J.5); 

 occluder retention mechanism: component(s) of a heart valve substitute which support(s) or retain(s) the 
occluder(s) (see Figures J.1 and J.2); 
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 orifice ring (also housing): component of a heart valve substitute that houses the occluder(s) of a rigid 
heart valve (see Figure J.1); 

 sewing ring (also sewing cuff): component of a heart valve substitute by which it can be attached to the 
heart (see Figure J.1); 

 sewing-ring filler: any material within the confines of the sewing ring of the heart valve substitute which 
provides it with bulk and shape (see Figure J.1); 

 sewing-ring retaining material: material used to prevent separation of the sewing ring from the orifice ring 
or frame (see Figures J.1 and J.2); 

 stent (also frame, body): component of a heart valve substitute that houses the occluder(s) of a flexible 
leaflet device (see Figure J.5); 

 stiffening element: component which reduces deformation of the orifice ring or stent (see Figure J.1). 

6.4 Design transfer (manufacturing qualification) 

6.4.1 The manufacturer shall generate a manufacturing flowchart identifying the manufacturing process 
operations and inspection steps. The input of all components and important manufacturing materials shall be 
indicated on the flowchart. 

6.4.2 The manufacturer shall document the results of the validation of all special processes and the 
validation of all process software. 

6.4.3 As part of the risk management process, the manufacturer shall establish the control measures and 
process conditions necessary to ensure that the device is safe and suitable for its intended use. The risk 
management file shall identify and justify the verification activities necessary to demonstrate the acceptability 
of the process ranges chosen. 

6.4.4 The manufacturer shall establish the adequacy of full-scale manufacturing by validation of the 
manufacturing process. 

NOTE 1 Refer to Global Harmonization Task Force [10] for further detail on design input, design output, and design 
transfer. 

NOTE 2 Refer to Global Harmonization Task Force [11] for further detail on process validation. 

6.5 Risk management 

6.5.1 Hazard identification 

Subclause 4.3 of ISO 14971:2000 shall apply. The testing and analysis necessary to estimate the risk 
associated with each hazard shall be determined from information on the nature of the hazard and the 
corresponding failure modes/causes. In identifying known and foreseeable hazards, particular consideration 
shall be given to hazards associated with failure modes related to design, manufacturing and human factors 
for each of the four elements identified in Figure 3. Table B.1 contains a list of potential hazards specific to 
heart valve substitutes which may serve as the basis for a risk analysis. 

6.5.2 Failure mode identification 

The second and third columns of Table B.1 provide a listing of potential failure modes that may result in the 
identified hazard. A given hazard may result from one or more failure modes; likewise, a given failure mode 
may result in one or more hazards. 
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6.5.3 Risk estimation 

Subclause 4.4 of ISO 14971:2000 shall apply. To facilitate risk estimation for identified hazards, verification 
and validation testing may be used, as defined by the risk management plan. The testing outlined in Clause 7 
serves as a basis for verification and validation test requirements. The last column of Table B.1 contains a list 
of potential evaluation methods which may facilitate risk estimation through failure mode identification and/or 
failure probability quantification. This list is not intended to be all-inclusive but rather a representative listing of 
methods that may be applicable to the specified hazard and failure mode. The rationale explaining how the 
tests performed facilitate risk estimation for each identified hazard shall be documented in the risk 
management file. 

Examples of risk estimation schemes are given in Annex C. 

6.5.4 Risk evaluation 

Clause 5 of ISO 14971:2000 shall apply. Since acceptable risk levels may not be specified by applicable 
standards, the manufacturer shall establish and justify the risk acceptance criteria used. Any identified risk 
shall be reduced to a level which is “broadly acceptable” or, if that is not feasible, “as low as reasonably 
practicable” (ALARP). 

Examples of risk evaluation schemes are given in Annex C. 

6.5.5 Risk control 

Clause 6 of ISO 14971:2000 shall apply. The device design and quality assurance requirements, including 
packaging and labelling specifications, necessary to assure the acceptability of risks, shall be documented in 
the risk management file. 

6.5.6 Risk review 

Subclause 7.4.5.2 shall apply. This International Standard requires long-term follow-up of a subset of patients 
included in the clinical evaluation of the heart valve substitute. The review of post-production information for 
relevance to device safety shall include evaluating information from the long-term follow-up as well as other 
sources of information, such as literature reports, reports to regulatory authorities and field experience reports. 

7 Verification testing and analysis/Design validation 

7.1 General requirements 

The manufacturer shall perform verification testing in order to demonstrate that the device specifications result 
in a heart valve substitute that meets the design specifications (design output meets design input). The test 
programme shall consist of those tests identified from the risk analysis. The manufacturer shall establish those 
tests relating to hazards identified from the risk analysis. The protocols shall identify the test purpose, goal, 
set-up, equipment (specifications, calibration, etc.), test conditions (with a justification of appropriateness to 
anticipated in vivo operating conditions for the device), acceptance criteria, and sample quantities tested. 

The manufacturer shall validate the design of the heart valve substitute, its packaging/labelling, and 
accessories. 
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7.2 In vitro assessment 

7.2.1 Test conditions, sample selection and reporting requirements 

7.2.1.1 Test conditions and sample selection 

7.2.1.1.1 Test specimens shall emulate, as closely as possible, the condition of the finished product as 
supplied for clinical use, including exposure to the maximum number of recommended sterilization cycles, 
where appropriate. 

7.2.1.1.2 Where emulation of in vivo conditions is applicable to the test method, consideration shall be 
given to those operational specifications given in Table 1 (see 6.2.1). Where applicable, testing shall 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 test being performed. 

7.2.1.1.3 The choice of test fluid will depend on the test goals and methods, as well as on the valve class. 
The risk assessment shall play a role in the choice of the test fluid. 

7.2.1.2 Reporting requirements 

Each test report shall include: 

a) the rationale for the test; 

b) identification and description of the sample tested (e.g. batch number); 

c) identification and description of the reference valve(s); 

d) number of specimens tested, and sample size rationale; 

e) detailed description of the test method; 

f) verification that appropriate quality assurance standards have been met (e.g. good laboratory practice); 

g) test results and conclusions. 

Statistical procedures, such as the ones described in Annex E, may be used to assist data analysis. 

7.2.2 Material property assessment 

7.2.2.1 General 

Properties of heart valve substitutes and their components shall be evaluated as applicable to the specific 
design of the valve as determined by the risk assessment. 

7.2.2.2 Biological safety 

The biocompatibility of the materials and components used in heart valve substitutes shall be determined in 
accordance with ISO 10993-1. The test plan recorded in the risk management file shall comprise a biological 
safety evaluation programme with a justification for the appropriateness and adequacy of the information 
obtained. The documentation shall include a rationale for the commission of any biological safety tests carried 
out to supplement information obtained from other sources, and for the omission of any tests identified by 
ISO 10993-1 but not carried out. During the hazard identification stage of a biological safety evaluation, 
sufficient information shall be obtained to allow the identification of toxicological hazards and the potential for 
effects on relevant haematological characteristics. Where an identified hazard has the potential for significant 
clinical effects, the toxicological risk shall be characterized through evaluation of data on, e.g., mode of action, 
dose-response, exposure level, biochemical interactions and toxicokinetics. 
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For heart valve substitutes using animal tissue or their derivatives, the risk associated with the use of these 
materials shall be evaluated in accordance with EN 12442-1, -2 and -3. 

7.2.2.3 Material property testing 

Material properties of heart valve substitutes and their components shall be evaluated as applicable to the 
specific design of the valve. Annex D provides potentially relevant physical and chemical properties by 
material class and components. Annex K provides a list of standards that may be applicable to testing of 
materials and components. 

7.2.3 Hydrodynamic performance assessment 

Hydrodynamic testing shall be performed to provide information on the fluid mechanical performance of the 
heart valve substitute and provide indicators of valve performance in terms of load to the heart and potential 
for blood stasis and damage. 

A guideline for the performing and reporting of hydrodynamic tests is given in Annex L. The detailed protocols 
shall be based on the findings of the risk assessment. 

Tests shall be carried out on at least three heart valve substitutes of each size and on at least one reference 
valve of each of the small, medium and large sizes. A different sample size or size distribution may be used if 
it can be shown from the risk analysis that it provides sufficient information. 

The in vitro test results shall meet or exceed the minimum performance requirements provided in Table 2, 
which are given as a function of valve size, TAD, and position. The minimum performance requirements 
correspond to the following pulsatile-flow conditions: beat rate = 70 cycles/min, simulated cardiac output = 
5,0 l/min, mean aortic pressure = 100 mm Hg, and systolic duration = 35 %. The minimum performance 
requirements are based on values in the published scientific literature. 

Table 2 — Minimum performance requirements 

Position Aortic Mitral 

Valve size (TAD, mm) 19 21 23 25 27 29 31 25 27 29 31 

AEO (cm2) W 0,70 W 0,85 W 1,00 W 1,20 W 1,40 W 1,60 W 1,80 W 1,20 W 1,40 W 1,60 W 1,80

Regurgitant Fraction (%) u 10 u 10 u 10 u 15 u 15 u 20 u 20 u 15 u 15 u 20 u 20 

NOTE See Yoganathan and Travis [26] and Marquez et al. [16]. 

AEO = RMSv

∆51,6

q

p
ρ

×
 

where 

AEO is the effective orifice area in square centimetres; 

RMSvq  is the root mean square forward flow in milliletres per second; 

∆p is the mean pressure difference (measured over the positive pressure period of the forward flow 
phase) in millimetres of mercury; 

ρ is the density of the test fluid in grams per cubic centimetre. 

NOTE This equation is derived from the Bernoulli Equation. The constant (51,6) is not dimensionless, thus this 
equation is only valid with the units shown. 

Full document details: ISO 5840-2005

http://www.avadocuments.com/doc/iso-5840-2005
http://www.avadocuments.com/doc/iso-5840-2005


ISO 5840:2005(E) 

18 © ISO 2005 – All rights reserved
 

7.2.4 Structural performance assessment 

7.2.4.1 General 

An assessment of the ability of the heart valve substitute to withstand the loads to which it will be subjected 
shall be performed in order to evaluate the risks associated with potential structural failure modes. 

7.2.4.2 Device durability assessment 

An assessment of the durability of the heart valve substitute(s) shall be performed in order to assess 
continued function over a reasonable lifetime. Unless the labelling for a particular device includes an explicit 
statement about anticipated in vivo device lifetime, testing shall be performed to demonstrate reasonable 
assurance that rigid heart valve substitutes will remain functional for 400 million cycles and that flexible heart 
valve substitutes will remain functional for 200 million cycles. If the labelling for a particular device includes an 
explicit statement about anticipated in vivo device lifetime, testing shall be performed to support the labelling 
claim. 

Testing shall be performed on at least three each of the largest, medium and smallest sizes of each type 
(aortic and mitral) of heart valve substitute. One equivalent size reference valve shall be tested under identical 
conditions for each valve size tested. 

Tests shall be performed at a defined differential pressure consistent with normotensive conditions specified in 
Table 1. During the durability testing, the defined target peak differential pressure across the closed valve 
shall be maintained for 95 % or more of all the test cycles. Each test valve shall experience a differential 
pressure equal to or greater than the defined differential pressure for 5 % or more of the duration of each 
cycle. If aortic and mitral heart valve substitutes are identical in design except for the sewing cuff, testing need 
only be performed under the differential pressure conditions defined for the mitral valve. 

Cycle rates used for accelerated and quasi-real time durability testing should be justified from the results of 
the risk analysis. Consideration should be given to the behaviour of time-dependent materials when selecting 
and justifying appropriate cycle rates. 

Test valves shall experience the full range of occluder motion associated with normotensive conditions (see 
Table 1) during testing. Valves undergoing cycling in durability testers shall be observed at regular and 
frequent intervals (e.g. daily or weekly). Valves shall also be evaluated at intervals of 50 million cycles or less 
for the duration of the test. 

The durability assessment shall be performed by comparison between test and reference valves in terms of 
the observed damage and the extent of damage and by imposing pass/fail criteria for identified damage. The 
failure modes to be considered, and the pass/fail criteria for the test shall be determined by the risk 
assessment. 

Additional guidelines for durability testing are given in Annex M. 

7.2.4.3 Component fatigue assessment 

An assessment of the fatigue performance of the heart valve substitute structural components shall be 
conducted. The lifetime of each structural component shall be determined as the minimum duration for which 
the component can withstand anticipated repeated loadings associated with in vivo conditions. 

The manufacturer shall determine and justify the fatigue assessment approach and associated 
characterization technique adopted in order to best determine the structural lifetime for the specific material 
and valve/component design. 

Suggested guidelines are provided in Annex O. 

Full document details: ISO 5840-2005

http://www.avadocuments.com/doc/iso-5840-2005
http://www.avadocuments.com/doc/iso-5840-2005


ISO 5840:2005(E) 

© ISO 2005 – All rights reserved 19
 

7.2.4.4 Design specific testing 

In order to assess structural failure modes that may not be related to durability or component fatigue, design 
specific testing may be necessary. In some cases (such as stent creep), design specific testing may have 
direct implications as to the overall structural lifetime of a component or valve. 

Examples of such design specific tests are provided in Annex N. 

7.3 Preclinical in vivo evaluation 

7.3.1 Overall requirements 

An appropriate preclinical in vivo test programme shall be formulated in order to address relevant valve 
characteristics specific to the test heart valve substitute. 

The preclinical in vivo evaluation shall: 

a) reflect the haemodynamic performance of the heart valve substitute as assessed in vitro; 

b) provide an assessment of the surgical handling characteristics of the test heart valve substitute and its 
accessories; 

c) provide data to assess the biological reaction to the heart valve substitute. Consideration should be given 
but not limited to the following items, as relevant to the specific heart valve substitute under evaluation: 

1) healing characteristics (pannus formation, tissue overgrowth); 

2) haemolysis; 

3) thrombus formation; 

4) embolization; 

5) foreign body reaction (inflammation, rejection); 

6) calcification (flexible valves); 

7) acoustic characteristics (rigid valves), if manufacturer claims are made on this issue; 

8) structural deterioration and/or non-structural dysfunction; 

9) cavitation; 

d) use a test heart valve substitute of clinical quality; 

e) investigate test heart valve substitute in all positions for which it is intended (aortic, mitral, etc.); 

f) subject equally sized control heart valve substitutes to identical test conditions as the test heart valve 
substitute; 

g) use the same surgical techniques for the implantation of both the test and the control heart valve 
substitutes (e.g. suture technique and orientation); 

h) be performed by appropriately experienced and knowledgeable test laboratories; 

i) address animal welfare in accordance with the principles given in ISO 10993-2. 
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Specific, minor design modifications of existing and clinically well documented heart valve prostheses may 
justify omission of animal experimental evaluation if the preclinical outcome can be transfered directly from 
previous animal experimental evaluations. 

7.3.2 Methods 

7.3.2.1 General requirements 

Guidance on the conduct of in vivo preclinical evaluation and a series of tests which can be used to address 
the relevant issues are given in Annex G. It is recognized that complications arising after valve implantation 
can be attributed to the implanted valve as well as the environment into which it is implanted — or the 
interaction between the two. Therefore, complications arising during or after valve implantation must be 
carefully analysed and interpreted in order to attribute the complication to the valve or the animal or 
combination of the two. 

Implant animals shall be of the same species, and preferably of the same gender and similar age. The test 
heart valve substitutes shall be assessed in a long term setting in all anatomical positions for which it is 
intended to be used clinically. Animals suffering from heart valve substitute endocarditis may be excluded 
from the group of study animals, but the endocarditis event shall be reported. 

The number of animals used for implantation of test and control heart valve substitutes shall be justified fully 
for each test based on the risk analysis. 

For long term studies, the duration of the observation period of the animals must be specified according to the 
parameter(s) under investigation. The observation period shall be appropriately justified in each study protocol, 
but be no less than 90 d. 

In each long term animal test case where a heart valve substitute has been implanted, a macroscopic and 
histological post-mortem examination shall be performed. Thus, the data shall include information from all 
animals that have been entered into the study. 

If serial blood analysis is performed, sampling shall be made pre-operatively then one week postoperatively 
then at appropriate intervals during the observation period as well as at termination. 

The assessment shall provide at least the following: 

a) any macroscopically detectable pathological consequences (including but not limited to: thromboembolic 
phenomena, pannus formation, inflammatory reactions) around the heart valve substitute and/or in the 
major organs; 

b) any macro- or microscopically detectable structural alterations in the heart valve substitute (e.g. cavitation, 
macroscopic damage, material degeneration, deformation and calcification); 

c) histologic assessment of any thromboembolic material, inflammatory reactions and/or degenerative 
processes. 

7.3.3 Test report 

The test laboratory shall produce the test report, which shall include a summary assessment of the data 
generated during the course of the investigation. The test report shall include the complete study protocol. All 
data generated from the preclinical in vivo evaluation must be incorporated into a comprehensive test report. 
This includes the results generated by tests described in Annex G. 

The test report shall include: 

a) identification of each of the valves used for implantation (product, serial number and other appropriate 
valve identification); 
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b) detailed description of the animal model used; the rationale and justification for its use. The pretest health 
assessment, including any medication given, of each animal shall include documentation of the gender 
and age of the animal at implantation; 

c) description of the operative procedure, including suture technique, test heart valve substitute orientation, 
valve position and operative complications; 

d) description of the preoperative and postoperative course of each animal including, clinical observations, 
medication and clinical condition leading to prescription of each drug. If anticoagulation therapy is used, 
monitoring data for this treatment [i.e., International Normalised Ratio (INR)]; 

e) any significant deviations from the protocol or amendments to the protocol; 

f) names of the investigators and their institutions along with information about the implanting surgeons and 
the laboratory experience with heart valve implantation and animal handling; 

g) interpretation of data and a recommendation relative to the clinical safety and performance of the heart 
valve substitute under investigation. 

Further details of the test report depend on the defined test protocol. 

Guidance on the composition of the test report is given in Annex G. 

7.4 Clinical investigation 

7.4.1 Principle 

Data are obtained on the safety and performance of a heart valve substitute under normal conditions of use in 
humans; the side effects and related risks of heart valve substitute implantation are documented. The clinical 
investigation shall include pre-operative, peri-operative and follow-up data from a specified number of patients, 
each with a minimum of one-year follow-up, to provide statistical justification for the market release of the 
heart valve substitute. 

7.4.2 General 

For new heart valve designs, a clinical investigation shall be carried out in accordance with this International 
Standard. For modification of an existing valve, a clinical investigation shall be considered, based on the 
results of a risk analysis that evaluates the modification. The clinical investigation shall be conducted in 
accordance with ISO 14155-1. 

7.4.3 Number of institutions 

The clinical investigation shall be conducted in a minimum of 8 institutions. The study shall be designed such 
that the anticipated minimum number of heart valves implanted at any institution shall be 15 of each type (e.g. 
aortic or mitral) being evaluated. 

7.4.4 Number of patients 

A minimum number of 150 recipients of isolated aortic heart valve substitutes and a minimum number of 
150 recipients of isolated mitral heart valve substitutes shall be evaluated. If the heart valve substitute is 
intended for implantation in only one position, a minimum of 150 heart valve substitutes shall be evaluated in 
that position. There shall be a minimum of 15 implants of each valve size of each valve type (e.g. aortic or 
mitral). Exceptions are: 8 implants of aortic size 19 or smaller; 8 implants of aortic size 29 or larger; 8 implants 
of mitral size 23 or smaller; 8 implants of mitral size 33 or larger. 

The inclusion and exclusion criteria for patient selection shall be clearly established. 

NOTE All valve sizes refer to TAD in millimetres. 
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7.4.5 Duration of the study 

7.4.5.1 One-year follow-up 

The clinical investigation shall continue until the minimum number of recipients of each valve type have each 
been followed for a minimum of 1 y. There must be at least 400 valve years of follow-up of each valve type 
(e.g. aortic or mitral). All implants shall be analysed, including those patients dying within the first year, and 
including centres with enrollment below the intended minimum. 

7.4.5.2 Long term follow-up 

In addition to the one year follow-up on each patient, a long term follow-up evaluation shall be conducted 
according to the following principles: 

a) the long term follow-up cohort shall be an initially determined subset of the original patients, and shall 
include a minimum of 150 patients; the selection of the specific patients shall be statistically justified so as 
to minimize selection bias; 

b) the duration of the long-term study will depend on the risk assessment for the specific device design 
and/or device modification. Historically, for a rigid heart valve substitute, the follow-up for each patient has 
extended for a period of five years from the date of implantation. Historically, for flexible heart valve 
substitutes, the follow-up for each patient has extended for a minimum of 10 y from the date of 
implantation. The exact period will depend on risk assessment. 

7.4.6 Clinical data requirements 

7.4.6.1 General 

Clinical data specified in 7.4.6.2 to 7.4.6.5 shall be reported for all patients receiving the heart valve 
substitutes at the institutions referred to in 7.4.3. The clinical study protocol shall be identical for all 
participating institutions, with the exception of differing national regulatory-related protocol requirements. 

All valve-related complications shall be reported to the principal investigator. In addition to the clinical data 
reporting, adverse events shall be reported promptly, in accordance with national regulations and the reporting 
requirements of the protocol. 

The clinical study shall include appropriate controls, including historical or literature controls, involving a 
similar type of heart valve substitute in the same position. If literature data are used, these should be from a 
study published in a peer-reviewed journal during the preceding 5 y. 

7.4.6.2 Identifying data 

The following data shall be collected: 

a) patient's gender and date of birth; 

b) investigator's name; 

c) name of institution. 

7.4.6.3 Pre-operative data 

The following pre-operative data shall be collected: 

a) diagnosis (e.g. valvular lesion and etiology) and co-existing cardiovascular diseases (e.g. congestive 
heart failure, cardiomyopathy, peripheral vascular disease, coronary artery disease, previous myocardial 
infarction), peripheral vascular operations and cardiac rhythm; 
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