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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards

bodies (ISO member bodies). The work of preparing International Standards is normally carried

out

through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of

electrotechnical standardization.

The proce@lures used to develop this document and those intended for its further maintenanee
described In the ISO/IEC Directives, Part 1. In particular the different approval criteria neededfor
different types of ISO documents should be noted. This document was drafted in accordance 'with

editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention i
patent righ
any patent
on the ISO

Any trade
constitute

For an explanation on the voluntary nature of standards, the . meaning of ISO specific terms

expression
World Trad
URL: wwwj

5 drawn to the possibility that some of the elements of this document may,be the subjec
ts. ISO shall not be held responsible for identifying any or all such paténtrights. Detail
rights identified during the development of the document will be in the Introduction ang
ist of patent declarations received (see www.iso.org/patents).

hame used in this document is information given for the convenience of users and does
an endorsement.

s related to conformity assessment, as well as inforiation about ISO’s adherence to
e Organization (WTO) principles in the Technical Barriers to Trade (TBT) see the follow
Liso.org/iso/foreword.html.

This docur
medical dey

This third
technically

It also incopporates the Amendment 1SQ.10993-4:2002/Amd 1:2006.

hent was prepared by Technical CommitteedSO/TC 194, Biological and clinical evaluatio
vices.

edition cancels and replaces the>second edition (ISO 10993-4:2002), which has b
revised.

are
the
the

t of
s of
| /or

not

and
the
ing

een

The follow|ng changes were made:

a) some definitions have been'\révised and new definitions have been added;

b) Tables|1 and 2 have be€én consolidated into a single new Table 1 with test categories and headlers
reorganized to emphasize and include material and mechanical-induced haemolysis testing and in
vitro apd in vivo testing for assessment of risk for thrombosis;

c) Tables|3 and 4 have been consolidated into a single new Table 2 with a simplified list of suggested
and mst-common tests;

d) Annex B has been updated to cover only the most common practiced tests for assessing blood
interactions;

e) Annex C has been added to cover the topic of in vivo thrombosis and methods for testing;

f) Annex D, which was Annex C in the previous edition, has been updated and now includes added
information on mechanically-induced haemolysis;

g) Annex E has been added to cover the topic of complement testing and best test method practices;

h) AnnexesF and G have been added to present the less common tests used to assess interactions with
blood and the tests that are not recommended for preclinical assessment of medical device blood
interaction, respectively. Many of these methods were previously included in Annex B;

iv © ISO 2017 - All rights reserved
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i) subtle language refinements can be found throughout the revised document;

j)  the Bibliography has been reorganized by common subjects of interest and updated with additional
and more current references.
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Introduction

The selection and design of test methods for the interactions of medical devices with blood should take
into consideration device design, materials, clinical utility, usage environment and risk benefit. This
level of specificity can only be covered in vertical standards.

The initial source for developing this document was the publication, Guidelines for blood/material
interactions, Report of the National Heart, Lung, and Blood Institutel14] chapters 9 and 10. This
publication was subsequently revised[15],

vi © ISO 2017 - All rights reserved
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Bi

ological evaluation of medical devices —

Part 4:
Selection of tests for interactions with blood

Det
pre
eva
spe

Thd
thid
acc

2

Thd
con
und

ISO
mai

ISO

Scope

5 document specifies general requirements for evaluating the interactions ofymedi
h blood.

bscribes

a classification of medical devices that are intended for use in contact with blood, ba
intended use and duration of contact as defined in ISO 10993-1,

the rationale for structured selection of tests according«ae‘specific categories, togethg
principles and scientific basis of these tests.

hiled requirements for testing cannot be specified<bécause of limitations in the knoy
Cision of tests for evaluating interactions of devices/with blood. This document describe
uation in general terms and may not necessarilyeprovide sufficient guidance for test me
Cific device.

changes in this document do not indieate that testing conducted according to prior
document is invalid. For marketed devices with a history of safe clinical use, additio
rding to this revision is not recomrmended.

Normative references

following documents aré referred to in the text in such a way that some or all of th
Ktitutes requirements of this document. For dated references, only the edition cited 3
ated references, thedatest edition of the referenced document (including any amendmen

10993-1, Biological evaluation of medical devices — Part 1: Evaluation and testing w
agement process

10993<12, Biological evaluation of medical devices — Part 12: Sample preparation an

mat|erials

al devices

sed on the

the fundamental principles governing the evaluation of the interaction of devices with blood,

br with the

vledge and
5 biological
thods for a

versions of
nal testing

Pir content
pplies. For
[s) applies.

thin a risk

] reference

3

Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 10993-1, ISO 10993-12 and

the

following apply.

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

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

ISO Online browsing platform: available at http://www.iso.org/obp
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31
anticoagu
agent whic

EXAMPLE

3.2

3-4:2017(E)

lant
h prevents or delays blood coagulation

Heparin, ethylenediaminetetraacetic acid (EDTA), sodium citrate.

blood/device interaction
interaction between blood or a blood component and a device

3.3

coagulatig
phenomen

Note 1 to en
to devices e

34

compleme
part of the
cofactors, §

1l
bn that results from activation of the clotting (coagulation) factor cascade

try: Factors of the coagulation cascade and fibrinolytic systems can be measured followingexpo
ther in vitro or in vivo.

nt system
innate immune system consisting of over 30 distinct plasma proteins, including enzyr
ind cellular receptors which may be involved in the promotion of thrombosis

Note 1 to eptry: Effector molecules produced from complement components are possible components in
phenomena| of inflammation, phagocytosis and cell lysis. Complement agtivation related to immunotoxi
hypersensitfivity and generation of anaphylatoxins is not covered in this docwment. (See ISO/TR 10993-20.)
Note 2 to enfry: The focus in this document is complement activation as it can promote and accelerate haemol
platelet and|leukocyte activation and thrombosis on device material surfaces. (See also Annex E on complen
activation.)

3.5

direct blopd contact

term used| when the device or device material'comes into physical contact with blood or bl
constituengs

3.6

embolizatjon

process whereby a blood thrombus; or foreign object, is carried in the bloodstream and which 1

become log

3.7

ex vivo tes
term appli
chamber ld

|ged and cause obstructed blood flow downstream

It system
bd to a test system that shunts blood directly from a human subject or test animal into a
cated outsidé the body

Note 1 to erftry: If using an animal model, the blood may be shunted directly back into the animal (recirculat

or collected

3.8

in test’tubes for evaluation (single pass). In either case, the test chamber is located outside the b

bure

hes,

the
City,

sis,
hent

ood

may

test

ing)
bdy.

haematology
study of blood that includes quantification of cellular and plasma components of the blood

39

haematocrit
ratio of the volume of erythrocytes to that of whole blood in a given sample

3.10

haemolysis
liberation of haemoglobin from erythrocytes, either by destruction or through a partially damaged but
intact cell membrane

© ISO 2017 - All rights reserved
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3.11

haemocompatible

<device or device material> able to come into contact with blood without any appreciable clinically-
significant adverse reactions such as thrombosis, haemolysis (3.10), platelet, leukocyte, and complement
activation, and/or other blood-associated adverse event occurring

3.12

indirect blood contact

nature of devices that contact the patient’s blood path at one point and serve as a conduit for entry into
the vascular system

EXAMPLE Drug and parenteral nutrition solution delivery devices.
3.1

legally-marketed comparator device

LMCD

confrol in an in vitro or in vivo safety evaluation of a test device of simjlay-design, matefial(s), and

ap:}'oved, or cleared long-established, and recognized-to-be-safe medical devité used as @ reference
n
clinfical use

Notg¢ 1 to entry: It may be necessary that the LMCD be legally marketed in-the same region as th¢ regulatory
subpnission for the test device.

3.14
norn-blood-contact
natfire of the device or material contact with the patient’s body where the device or [potentially
extracted material does not have direct or indirect contact with blood

3.15
colloidal osmotic pressure
totdl influence of the proteins or other large melecular mass substances on the osmotic activitly of plasma

31

plafelets
anugclear, cellular bodies that are présent in blood and contribute to the process of thrqmbosis by
adhering to surfaces, releasing factors, and/or aggregating to form a haemostatic plug

3.1Y
plafelet adherent
<material or device> having the tendency to allow or promote platelets (3.16) to attach to itd surface

Note¢ 1 to entry: This\is often characterized relative to a negative control, positive control, and/or [LMCD upon
blodd contact du€ te-its surface properties.

Note 2 to entryPlatelet adherent does not necessarily mean platelet activating, i.e. platelets on a sugface may or
may not be activated.

3.18
thrombin generating

<material or device> due to its surface properties, having the tendency to promote or show increased
thrombin formation

Note 1 to entry: This is often characterized relative to a negative control, positive control, and/or LMCD upon
blood contact.

3.19

thrombogenic

<material or device> due to its surface properties, having the tendency to form or promote thrombus
formation

Note 1 to entry: This is often characterized relative to a negative control, positive control, and/or LMCD upon
blood contact.

© IS0 2017 - All rights reserved 3
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3.20

thromboembolization
process where a dislodged thrombus (3.21) is carried downstream, where it may cause subsequent
vascular blockage or occlusion

3.21
thrombus

coagulated mixture of red blood cells, aggregated platelets (3.16), fibrin and other cellular elements

3.22
thrombosis

formation [of a thrombus (3.21) under in vivo, ex vivo, or in vitro simulated conditions, caused
activation pf the coagulation system and platelets (3.16) in flowing whole blood

Note 1 to enftry: Thrombosis can also occur in regions of a blood vessel or device where there is stasis.

3.23

whole blogpd

unfractionpted blood drawn from a human donor or test animal

Note 1 to enjtry: The blood may be non-anticoagulated or anticoagulated, e.g. contaiftsodium citrate or hep
as an anticopgulant.

4 Abbreviated terms

Bb

B-TG
C4d
C3a, C5a
CH-50

D-Dimer

ELISA
FDP
FPA
F1.2

enzymatically active fragment of Factor B produced by cleavage (by Factor D) in the
activation of the alternative pathway

beta-thromboglobulin

degradation product of C4 by classical pathway complement activation
complement split products froni:G3 and C5

amount of complement required to lyse 50 % of a RBC suspension

specific fibrin degradation products (F XIII cross-linked fibrin) consisting of
D-fragment dimer

enzyme-linked immunosorbent assay
fibrin/fibr¥inogen degradation products
fibrinopeptide A

the'non-catalytic fragment split off from prothrombin in its conversion to thrombin (a

by

Arin

referred to as F1+2)

iC3b
[FU
IvC
MRI
PET

PF-4

inactive form of C3b, a sub-fragment of C3
instruction for use

inferior vena cava

magnetic resonance imaging

positron emission tomography

platelet factor 4

© ISO 2017 - All rights reserved
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PRP platelet-rich plasma

PT prothrombin time

PTT partial thromboplastin time

SC5b-9 product of terminal pathway complement activation

SEM scanning electron microscopy

TAT thrombin-antithrombin complexes

TC( terminal complement complex; also called membrane attack complex (MAQC);_ es
by measuring SC5b-9

TT thrombin time

TxH2 thromboxane B2

5 |Types of devices in contact with blood (as categorized’in ISO 10993-1)

5.1 Non-blood-contact devices

Norl-blood-contact devices are devices that do not have direct or indirect contact with eith

blo¢d constituents that reside in the body or that are returned to the body. An in vitro diagng

and|la blood-collection tube are examples of non-blood<eontact devices. Some devices, such as

sysfems for implants, may contain both blood-contacting and non-blood-contacting compon

5.2 External communicating devices

5.2{1 General

Thd

Ex

5.2

SOI:I;E devices may have companents or portions with different types of contact (direct an

se are devices that contact the circulating blood and serve as a conduit into the vascu

ples include but are not(limited to the following.

2 External communicating devices that serve as an indirect blood path
blood collection devices;
cannulae;

cell savers;

timated

br blood or
stic device
introducer
bnts.

ar system.
1 indirect).

devices for the storage and administration of blood and blood products (e.g. tubing and

hags);

5.2,

extension sets;

intravascular catheters.

3 External communicating devices directly contacting circulating blood
atherectomy devices;

blood monitoring devices with direct or indirect blood contact;
cardiopulmonary bypass circuitry;

devices for adsorption of specific substances from blood;

© IS0 2017 - All rights reserved
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5.3

donor

and therapeutic apheresis equipment;

extracorporeal membrane oxygenators;

haemodialysis/haemofiltration devices;

interventional cardiology and vascular devices;

intravascular catheters (balloon, imaging, laser, ultrasound);

leukoc

yte removal filters;

percutpneous circulatory support devices;

retrog

vascul

Imp

Implant de
limited to the following:

6

Fade coronary perfusion catheters;

hr guide wires.

lant devices

vices are placed largely or entirely within the vascular system. Examples include but are

annulgplasty rings;

arterigvenous shunts;

blood
circulg

embol

monitors (implantable);

zation devices;

endovgscular synthetic vascular grafts;

implarjtable defibrillator and cardioverter-leads;

inferior vena cava filters;

intern
intrav
mecha
pacem
surgic

vascul

il drug delivery cathetefs;

iscular oxygenators (artificial lungs);
Inical or tissuedieart valves;

hker leads;

h1 synthetic or tissue vascular grafts;

histents.

Characterization of blood interactions

6.1 General requirements

not

tory supportdevices (ventricular-assist devices, artificial hearts, intra-aortic balloon pumps);

IMPORTANT — Since this is a horizontal International Standard, sound rationales can be
supplied to justify the choice of test category(ies) based on the device being characterized. For
example, in vivo testing for evidence of thrombosis is frequently the preferred method for device
characterization in the thrombosis category. However, in some cases, written rationales that
include a combination of tests from the categories of coagulation, platelets, haematology and
complement can be used as a substitute for thrombosis testing.

© ISO 2017 - All rights reserved
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6.1.1 Figure 1 illustrates a decision tree that can be used to determine whether testing for interaction
with blood is necessary. Blood interactions can be divided into several categories based on the primary
process or system being measured. Table 1 lists examples of devices which contact circulating blood and
the categories of testing appropriate to each device. The list is not all inclusive and sound judgement
shall be applied to devices not listed in the tables.

For medical devices where a specific International Standard (vertical standard) exists, the biological
evaluation requirements and test methods set forth in that vertical standard shall take precedence

over the general requirements suggested in this document.

6.1]12) and flow conditions. For example, for devices of defined geometry such as a vascula

sur
test
use
Sanj

Onl
par

Apq
use

ant
For
inv

As
test

6.1
pos
cha

Controls should include negative and positive reference materials. All materials and LMCDs t

meg
All

6.1
Scre
the
exa

NOT

conditions of contact of the device with blood during clinical applications. The simula
ace area used in the test, in cm2, shall be given consideration relative to the fluid volume of
system. For devices with undefined or complicated geometry (such as a dispersion of PV
 as an embolization agent), mass should be used instead of surface area to determine thg

ple used in test system.

y direct or indirect blood-contacting parts should be tested.The selected test mg
hmeters should be in accordance with the current state of the art:

ropriate type and level of anticoagulant may be case{specific depending on both

coagulation used and provide a discussion on the abjlity'to discern positive and negative
further information, see 6.1.6 and C.2 for animal studies, 6.1.12 for in vivo and ex vivo tes
tro tests and A.3 for catheters and guide wires.

s (e.g. complement activation) will not apply to indirect contact applications.

3 Controls (positive and negativejishall be used unless their omission can be justif]
Kible, testing should include a relevant predicate device already in clinical use (i.e. a LMCD
racterized materiallel.

t all quality control and_guality assurance specifications of the manufacturer and test

e geometry

on should
level; see
stent, the
the in vitro
[A particles
amount of

i

thods and

the device

indication and the type of test conducted. Include information on the specific type and level of

responses.
s, 6.3.1 for

many tests for haemocompatibility are receghized to be strictly surface-contact deperpdent, such

ed. Where
) or a well-

ested shall
Jaboratory.

materials and devices tested shall be identified as to source, manufacturer, grade and type.

4 Testing of{materials which are candidates for components of a device may be cor
ening purposes. However, such preliminary tests do not serve as a substitute for the requit
complete-sterilized device or device component should be tested under conditions which
boerate-clinical application.

properties or chemistry of the complete sterilized device could also impact haemocompatibility |
NOTE 2

ducted for
ement that
Eimulate or

the surface

EA  Changes in manufacturing process (including use of manufacturing aids) that could affect

Where aging could impact the final device properties, use of aged samples can also be necessary. (For

example, the properties of biologically active coatings such as heparin could change over time.)

6.1.5 Tests which do not simulate the conditions of a device during use may not predict accurately
the nature of the blood/device interactions which can occur during clinical applications. In addition, the
capacity of short-term in vitro or ex vivo tests to predict performance in actual clinical applications is
thought to be higher when the clinical application involves limited exposure rather than prolonged or
permanent exposure.

NOTE Simplified testing of candidate device materials (e.g. surface geometric and functional chemical
modifications) can serve as a crucial step in device material identification, optimization and selection.
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6.1.6 If an animal study is to be conducted, devices whose intended use is ex vivo (external
communication) should be tested ex vivo and devices whose intended use is in vivo (implants) should be
tested in vivo in an animal model simulating as closely as possible conditions of clinical use. Protocols in
such investigations should specifically call out each test category (see 6.2.1) being evaluated and describe
the specific method(s) of assessment.

START

1

a For direc
sidered ba
extractablg

DOES U1 device
contact circulating
blood directly or
indirectly?

No 1SO 10993-4
does not apply

1. Is material the same as in the marketed
device i.e., same formulation, as in

1SO 10993-1,4.77

2. Same manufacturing process ? All Yes Blood interactien
3. Same geometry and physico-chemical requirements, et
properties?

4. Same body contact/clinical use?

5. Same sterilization process/method/dose?

One or more no

Acceptable
justification of
data??

Yes

No/uncertain

Review Tables 1 and 2 Acceptable
and/or vertical standard data on blood
for appropriate testjngs, =—=<compatibility and/or further,
consult experts, as justification or risk
necessary. assessment ?

Yes

Blood interaction data
required.
Consult Tables 1 and 2
for appropriate tests.

f and indiréct contact devices, the necessity for haemocompatibility testing should be con-
bed upon appropriate risk analysis, including prior haemocompatibility testing, clinical dgata,
 /leachable data, and/or information on surface characteristics. For example, for devices

with direct

changed, even if the extractable/leachable chemitry is the same (see ISO 10993-1).

Figure 1 — Decision tree to help determine whether testing for interaction with blood is

necessary
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6.1.7 In vitro tests are regarded as useful in screening external communicating devices or implants
and potential early interactions between devices/materials with blood, but may not be accurate
predictors of blood/device interactions occurring upon prolonged or repeated exposure or permanent
contact (see 6.3.1).

NOTE For new devices or devices where there is a change in geometry, testing under physiologic flow can be
needed. For long-term catheters or permanent implants, in vitro test systems might not be sufficient due to blood
stability issues.

6.1.8 Devices or device components Wthh come into Very brlef/tran51ent contact w1th circulating
bload generally do
not requ1re blood/device interaction testmg

NOTE1 For products made with materials such as coatings that could be left in contact with blopd after the

device is removed, blood/device interaction testing might be necessary.

NOTE 2 If some device components (e.g. syringe bodies) are in contact with fluids that will u
injefted into the patient, and the storage time is unspecified or greater than 1 min;’haemolysis te
fluidl-contacting component would be needed, even though the device itself would be in contact wit}
bloqd for less than 1 min.

timately be
sting of the
circulating

6.1

test

per

6.1
sim
clin|
ave
pre

6.1
(wi
Wh
exp

Blo
suc

sing
and|

stu
jus

NOT1
by H

9 Disposable laboratory equipment used for the collection af)blood and performancs
5 on blood shall be evaluated to ascertain that there is no significant interference with thg
formed.

10 If tests are selected in the manner described and testing is conducted under condif]
rlate clinical applications, the results of such testing have the greatest probability of]
cal performance of devices. For devices that operate over a range of conditions, the extre
fage conditions should be considered. Howevger, species differences and other factors m:
lictability of any test.

11 Because of species differences.in'blood reactivity, human blood should be used whe|
h the exception of established (test methods with animal blood, such as some haemo

pbsure or permanent contactispecies differences in blood reactivity shall be considered.

bd values and reactivity iwhumans and non-human primates are very similar(204]. The use

e species differefices may be significant (for example, platelet adhesion[148][150], thr
haemolysis[4Z4tend to occur more readily in the canine than in the human), all result
ies shall be‘dntérpreted with caution. The species selected and the number of animals us
ified (see-also ISO 10993-2).

E
Ulaw (86/609/EEC) and some national laws.

h as the rabbit, pig,calf, sheep or dog, can also be acceptable for a particular type of test.

The use of non-human primates for in vivo blood compatibility and medical device testing is

of in vitro
 test being

ions which
predicting
me and the
y limit the

re possible
ysis tests).

bn animal models are necessary, for example for evaluation of devices used for prolonged ¢r repeated

of animals,
However,
mbosis[44]
5 of animal
ed shall be

prohibited

6.1.12 The use of anticoagulants in in vivo and ex vivo tests should be avoided unless the device is
designed to perform in their presence. The type and concentration of anticoagulant used influence
blood/device interactions and their selection shall be justified. Devices that are used with anticoagulants
should be assessed using anticoagulants in the range of concentrations used clinically and/or described
in the product IFU or other appropriate literature. Species differences should also be considered when
determining the appropriate level of anticoagulation.

6.1.13 Modifications in a clinically accepted device shall be considered for their effect on blood/device
interactions and clinical functions. Examples of such modifications include changes in design, geometry,
changes in surface or bulk chemical composition of materials and changes in texture, porosity or
other properties. An in vitro flow model with application-consistent exposure conditions and relevant
measurements can be used to evaluate the effect of modifications to a clinically accepted device.

© IS0 2017 - All rights reserved 11
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6.1.14 A sufficient number of replications of a test including suitable controls should be performed to
permit statistical evaluation of the data. The variability in some test methods requires that those tests
be repeated a sufficient number of times to determine significance. In addition, repeated studies over an
extended period of blood/device contact provide information about the time-dependence of the blood-
device interactions[213]-[216], Balance should be considered between statistical evaluation and animal
welfare when applying in vivo testing; see SO 10993-2.

6.1.15 The recommendations within 6.1, together with Figure 1 and Table 1, serve as a guide for the
selection of tests listed in Table 2. Further guidance on pre-clinical evaluations is given in Annexes A to G.
In summary, the following procedure shall be performed:

—e

a) deternpine which potential blood interaction categories (see 6.2) are appropriate for considérafion

to estdblish safety of the particular device (see examples in Table 1);
b) evaluate the existing information in each test category for the device;

c) where| sufficient safety information exists, prepare an appropriate rationalé’to support fhis
conclufion and that further testing is not necessary;

NOTE Any difference in formulation, geometry, surface properties, fabrication methods, sterilization
technidue and/or clinical use could limit the use of safety information on a similar product.

d) wherelinsufficient information exists under a test category(ies), seleet appropriate tests, based upon
examplles in Tables 1 and 2, to supply the additional safety information.

6.2 Categories of tests and blood interactions

6.2.1 Refcommended tests for interactions of devices\with blood

Recommer]ded tests are organized on the basis of thetype of device (see examples in Table 1). The tgsts
are divided into the following categories based on.the primary process or system being measured:

— haemalysis
— material-induced
— me¢chanically-induced
— thrombposis
— inpitro
—| coagulatien
—|{ plateletactivation

—| «complement

— haematology
— invivo/ex vivo

The principles and scientific bases for these tests are given in Annexes A to E.

12 © IS0 2017 - All rights reserved
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Table 2 — Common tests used to assess interaction with blood

Tests by categories

Haemolysis Material-induced (e.g. ASTMI1Z], NIH[28],
MHLWI22])

Mechanical-induced

Thrombosis Gross analysis?, percentage occlusion, light

L . microscopy, SEM
(in vivo, ex vivo)

In vitro thrombosis

6.2
Thd

6.2

Aftg
the
test

6.2

Tes

upan science, technology and the particular application. For example:

a)

b)

Coagulation Thrombin (e.g. TAT, F1.Z]J, Tibrin (e.g. FPAJ assays,
PTT assay
Platelet activation Platelet count (% loss) and some indicator of

activation (e.g. release products or platelets
surface markers such as BTG, PF4, TxB2) or'SEM
(platelet morphology)

Haematology Complete blood count (CBC), leucocyte-activation

Complement system SC5b-9 (C3a optional)
a  Included in all animal studies (see B.2.1 and ISO 10993-6).

Not all tests are needed for each category and testing in eacCh category might not be
equivalent.

2 Non-contact devices

se devices do not require blood/device interactiontesting.

3 External communicating devices and implant devices

er using Table 1 to align a new device under investigation with similar existing devices

s for assessing blood interactions:

4 Limitations

[ing and study design parameters may present certain practical limitations/considerat

materials/devices'in a high blood flow (arterial) environment may interact with blood
in a low blood\flow (venous) environment;

blood interactions may occur with all materials, i.e. the test materials/test devices and t
materials’(e.g. test system). Caution shall be taken to not confound blood interactions
with\the test materials to those contributed by other factors;

and noting

test categories for consideration, use(Table 2, Annexes A and E to guide the selection of dppropriate

ions based

differently

he non-test
associated

d)

6.3

6.3.

studies that relu on iust ane tune of test for bloaod interactions mav ho locs nredictive
- Y - P & Y prea ’

response than studies that include several different tests for blood interactions;

f the true

immunoassays for detecting protein indicators of haemocompatibility, e.g. TAT, C3a, etc., are often
available for human blood testing but are not generally available for use or functional with blood

from other species.
Types of tests

1 Invitro tests

In vitro testing (models) should consider designs to simulate the anticipated worst-case clinical use
conditions of each device application. Variables that shall be considered when using in vitro test methods

© IS0 2017 - All rights reserved

13


https://standardsiso.com/api/?name=53fb95823ceda8aa25ba33e2f28b847f

ISO 10993-4:2017(E)

include haematocrit, anticoagulant (type and amount), test sample preparation, test sample age,
blood/blood component age, test sample storage, aeration and pH, temperature, proper randomization,
test sample surface area to blood volume ratio and for dynamic studies, fluid flow conditions, especially
flow rate, wall shear rate and pressure(s). Tests shall be started with minimal delay, usually within
4 h of blood draw, since some properties of blood change rapidly following collection. Alternatives to
the latter may be feasible if validated. In some cases, the resulting samples can also be frozen using
appropriate techniques for future analysis if the freeze/thaw process does not affect the analyte being
assessed.

NOTE Clinically relevant types and amounts of anticoagulant may or may not be appropriate, depending on
the test system and the ability to discern positive and negative responses.

rSis,
the

When used to evaluate the haemocompatibility of device modifications, in vitro testing for haemoly
thrombus formation, platelet and coagulation responses may be assessed and compared between
modified device and the clinically accepted device (see A.1.4).

6.3.2 Ex

Ex vivo tej
communic
the acuter
implant tes

Ex vivo te
deposition
[47][50][54][
probes. Al
embolizati
Other mor

6.3.3 In

In vivo teq
catheters,

devices ar¢
application
each clinic

“Patency o
measure o
are deternj

vivo tests

ts shall be performed when the intended use of the device is ex\vivo, e.g. an exte
hiting device. Ex vivo testing can also be useful when the intended useis in vivo, e.g. to as
bsponse to an implant such as a vascular graft. Such use should nothowever substitute fo
t.

t systems are available for monitoring platelet adhesion, emboli generation, fibring
thrombus mass, white-cell adhesion, platelet consuinption and platelet activation[44

ferations in flow rates may indicate the extent.@nd course of thrombus deposition
bn. Simple thrombus build-up can be assessed*by gross and or microscopic visualizat
b advanced and technically demanding tools have also been usedl

vivo tests

ting involves implanting the material or device in animals. Vascular patches, vasc
vascular grafts, vascular stents,/annuloplasty rings, heart valves and circulatory af
e examples of devices testedtin vivo. Given the diversity of blood-contacting medical de

h] application.

rnal
bess
' an

gen
[46]

/0](78](80]. Blood flow rates can be measured with ‘€ither Doppler or electromagnetic fllow

and
ion.

1lar
sist
Vice

s, in vivo test models are expected to be equally diverse, in order to appropriately mimic

f a conduit or device (i.e. the unimpeded flow of blood through the device)” is a com
[ success or failure for some in vivo experiments. The percent occlusion and thrombus

to distal o
downstre

on
ass

ined after thé\device is removed. The tendency of thrombi formed on a device to embdlize
gans should\be assessed by careful gross as well as microscopic examination of organs

from. €he' device. In addition, histopathological evaluation of the surrounding tissue pnd

organs is useful. The kidneys are especially prone to trap thrombi which have embolized from devjices
implanted |upstream from the renal arteries (e.g. ventricular-assist devices, artificial hearts, aqrtic
prosthetic [grafts)[184][187][236][237],

Methods to evaluate in vivo interactions without terminating the experiment are available. Arteriograms
or imaging from intravascular ultrasound (IVUS) catheters are used to determine patency or thrombus
deposition on devices. Radioimaging can be used to monitor platelet deposition at various time periods
in vivo; platelet survival and consumption can be used as indicators of blood/device interactions and
passivation due to neointima formation or protein adsorption[461[72][79],

In some in vivo test systems, the material’s properties may not be major determinants of the
blood/device interactions. Rather, flow parameters, compliance, porosity and implant design may be
more important than blood compatibility with the material itself. As an example, low flow rate systems
may give substantially different results when compared with the same material evaluated in a high
flow rate system. In such cases, test system performance in vivo should carry more importance than in
vitro test results.

14 © IS0 2017 - All rights reserved
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In vivo test protocols should contain precise and stand-alone sections stating how each test category
identified for testing, i.e. haemolysis, thrombosis, coagulation, platelets, haematology and complement
system, will be evaluated.

© IS0 2017 - All rights reserved 15
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Annex A
(informative)

Preclinical evaluation of cardiovascular devices and prostheses

A1l Ge

A.1.1 Bakkground

This annex provides background for selecting tests to evaluate the interactions of cardiovasc
devices with blood. Clause 6 contains guides to determine when testing is necessary; which bl
interactior] categories might be appropriate for specific devices, and a list of tests for evalua
blood/device interactions of non-contact-, external communicating- and implant devices.
classificatipn of blood/device interactions in A.1.2 is provided as background,

A.1.2 C(l3ssification

A.1.2.1 Ipteractions which mainly affect the device and which may“or may not have an undesir:
effect on the animal or human are as follows:

a) adsorption of plasma proteins, lipids, calcium or other _substances from the blood onto the sur
of the {levice; or absorption of such substances into thé.device;

b) adhesipn of platelets, leukocytes or erythrocytes.6hto the surface of the device, or absorptio
their components into the device;

c) formation of pseudointima or neointima.on;the blood contacting surface and tissue capsule on
surfacg of the device;

d) alterations in mechanical and other\properties of the device.

A.1.2.2 Inpteractions which have a-potentially undesirable effect on the animal or human are as folld

a) activation of platelets, letikocytes or other cells, or activation of the coagulation, fibrinolytic
complément pathways;

b) formation of thrombus on the device surface;

c) embolfzation“of thrombotic or other material from the device’s surface to another site within
circuldtion;

1lar
ood
[ing
The

hble

face

the

WS:

, Or

the

d) injury tocircutating btood cells Tesulting imamaemia, aemotysis; tfeucopoenia;, thrombocytop
or altered function of blood cells;

e) injury to cells and tissues adjacent to the device;

nia

f) intimal hyperplasia or accumulation of other tissue on or adjacent to the device, resulting in

reduced flow or affecting other functions of the device;

g) adhesion and growth of bacteria or other infectious agents on or near the device.

NOTE For items b), c) and d) above, some devices such as embolization coils require thrombus formation to

be functional.
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A.1.3 Advantages and limitations of animal models

Animal models permit the closest end use simulation of clinical devices prior to actual testing in
humans. They permit continuous device monitoring and a systematic controlled investigation of
important variables. However, the choice of an animal model may be restricted by size requirements,
the availability of certain species and cost. For example, a device may not be operated under the full
range of clinical use conditions in an animal model due to anatomical limitations. It is critical that the
investigators be mindful of the physiological differences and similarities of the species chosen with
those of the human, particularly those relating to coagulation, platelet functions and fibrinolysis,
and the response to pharmacolog1cal agents such as anaesthet1cs ant1coagulants thrombolyt1c and
= = ferences in

4 should be

the human
additional

hntage of a non-human primate is that many of the immunological probes for“thromb
eloped for humans are suitable for use in primates. These probes include, PF-4, 3-TG
F1.2. The dog is a commonly used species and has provided useful infermation; howe
ted thrombosis in the dog tends to occur more readily than in the human, a difference
riewed as an advantage (as a challenging or accelerated model) whén evaluating this co

al or in vitro model ultimately involves consideration of-the availability and ethical use
[SO 10993-2), the availability and limits of in vitro bloed models and the applicabilit}
istics for sound conclusions[213][214][215][216],

(seq
stat

A.1l4 Advantages and limitations of in vitro-tnodels

Inv
mat

a)
b)

itro blood-exposure models are attractive approaches to testing the haemocompatibility
erials and cardiovascular devices becausethey allow

avoidance of costly animal models,

high replication testing of test ebjects alongside controls and reference materials usin
batch of blood and at the sarhe time,

‘)
d)

use of human or animalblood where flow, temperature and anticoagulation is standard

worst case scenarip tésting, where activation products accumulate without clearance
or liver or otherorgans and activation-inhibiting functions of endothelial cells are abser]

e)

isolation frém-confounding factors associated with device implantation/tissue injury
with in yivg usage.

Suc
con

h testing of medical materials and devices should simulate as best as possible the rangg
ditions ofblood exposure to the device, since testing on blood under clinically inapplicable

DSis assays

FPA, TAT
rer, device-
which can
mplication.
logical and
procedure
e use of an
of animals
 of proper

of medical

g the same

zed,

by kidneys
t, and

associated

of clinical
conditions,

e.g.

of results

difficult. Whenever possible, consult product IFU brochures or common medical practice literature
for applicable anticoagulant type(s) and amount(s). When appropriate, testing over the full range of
labelled use conditions for the device should be considered. For example, to evaluate mechanically-
induced haemolysis and platelet activation, testing is often performed at the highest blood flow rate.
For thrombosis testing, the minimum labelled blood flow rate may be important to characterize the
safety of the device. Since it has been shown that responses in blood may differ considerably between
various species[4Z][148][149][150], the use of human blood is more relevant to the interpretation of
results. Another advantage in using human blood is that it offers a more detailed array of test methods,
since most contemporary bioanalytical methods are based on human blood components/epitopes.
Conversely, there are certain limitations in the volume of blood that can be obtained from a single
human donor. Thus, the use of blood from a single large animal may be more practical in cases where
the model designed to simulate clinical-relevant conditions presents a large volume capacity.
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To test for general material/device haemocompatibility, the classical Chandler loop in vitro test model[43]
or modifications thereof[193][194][195][199][200][203] to impart physiological and/or quasi-physiological
flow have been used. Alternatively, blood-material (device) exposure using gentle agitation may also be
useful in some cases for evaluating the interactions of blood with materials. To gauge the impact of the
model on blood, haemolysis and general cell blood count can be monitored to check for blood normalcy.
These models appear effective for screening studies, in particular for those applications involving
short-term blood exposure.

A.1.5 Test protocols for animal testing

nt of advanced cardiovascular prostheses. For devices with limited blood exposure (£24

her
h),

Thrombosi
developme]
important
and perfor
repeated e
measurem
thromboer
hyperplasi
and platel
technique,
infections
and endot|
impact on
substantia

results. For example, at clinically relevant levels, anticoagiilation and antiplatelet drugs
ly reduce or abolish platelet, coagulation and thrombaotic'responses.

The conse
thrombosi
in normal
device cou

guences of the interaction of artificial surfaces,with the blood can range from gross
5 and embolization to subtle effects such as accélerated consumption of elements involved
haemostasis. The latter may be clinically insignificant, e.g. platelet consumption by|the
|d be so small that it does not affect the total platelet count. Alternatively, a device with a

large surfe]lce area could lead to depletion of platelets or plasma coagulation factors such that the tptal

platelet co

Regardless
thrombosi
should prg
category u
supporting
submissior

A.2 Can

The term
application

nt may be significantly affected and nérmal haemostasis may become altered.

of the animal model used and the\particular test category under evaluation, i.e. haemolysis,
5, coagulation, platelets, haematelogy and complement system, the in vivo study protpcol
vide sufficient detail in the'\methods and criteria to be used for evaluation for each fest
hder investigation. A retrospective report on results for a particular test category, without

original plans withinthe protocol, is often considered unacceptable as regulatory
documentation.

hulae usedfor direct vascular access and cannulae used for indirect acce¢ss
‘cannulag™‘has been generally used in two rather different clinical applications. In [one

, canntlae are inserted directly through the skin and into one or more major blood vesjels.
of

This is done t6 _provide continuous and direct high-volume access to blood. For example, this typ
large-diamleter cannulae is used during cardiopulmonary bypass surgery as a limited-exposure acgess
device that shunts blood to and from the body for blood oxygenation. Cannula testing, in this example,
should take place using exposure conditions that closely replicate clinical use, as such devices can
potentially induce some alteration in the levels of circulating blood cells as well as increase factors in
the coagulation or complement system. The particular response is often multifactorial as it depends on
a variety of factors such as implantation site, insertion technique, subject factors and anticoagulation
regimen. The term cannulae has also been used to describe much smaller diameter tubes that are
inserted only subcutaneously, and may be used for limited (<24 h) or prolonged (<30 d) indirect
exposure to blood. These cannulae, for example, are used for infusion of insulin from drug pumps and
in subcutaneous sensing for blood glucose levels. These later type of cannulae, like other indirect blood
path devices (see 5.2.2), generally require less testing than devices with direct contact with circulating
blood (see 5.2.3 and 5.3).
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A.3 Catheters and guide wires

Most of the tests considered under blood-contacting cannulae are relevant to the study of blood-
contacting catheters and guide wires. The location or placement of catheters in the arterial or venous
system can have a major effect on blood/device interactions. It is advised that simultaneous control
studies, using a clinically approved device of similar dimensions and material(s), be performed using a
contralateral artery or vein. Care should be taken not to strip off thrombus upon catheter withdrawal.
Evaluation of the device in situ may permit assessment of the extent to which intimal or entrance
site injuries contribute to the thrombotic process. In general, Doppler blood flow measurements
are more informative than angiography. A venous or arterial implant model with anticoagulation

i SoN! icati : e c i i responses,
ombogenic
e sensitive

properties[143][161][162][163], See C.3. Alternatively, an appropriate in vitro model may benof
to detecting such material surface differences.

ases where anticoagulation is called for, the rationale for the type and level of antidoagulation
H in testing should be based upon the clinical application, yet be able to ptévide sufficient evidence
the test is able to distinguish between positive and negative responses. For examplg, following
ple dose-response kinetics, the thromboresistance of a medical deyice heparin coatjng can be
conjpletely masked by normal (clinical) levels of solution heparid-anticoagulant. Howdver, under
a r¢duced/challenging level of solution heparin, the effectivenessiof the heparin coating to reduce
thr¢mbus formation becomes more apparent. In cases where the-application may not invplve use of
antjcoagulation, testing should be conducted without anticoagulation.

In ¢
use
tha
sim|

Validation information for testing with a specific type and\evel of anticoagulation should d¢monstrate

thefability to discern between positive and negative responses.

pvices,
bcific

A.4 Extracorporeal blood oxygenators;haemodialysis/haemofiltration d
donor and therapeutic apheresis equipment, devices for adsorption of sp
substances from blood

The
as

wit
per
Thn
suc
dys
car

blood responses to cardiopulmonary bypass can be significant and acute. Many var
ise of blood suction, composition of blood-pump priming fluid, hypothermia, blo
h air and time of exposure.influence test values. Emboli in outflow lines may be deteg
odic placement of blood filters ex vivo or the use of ultrasound or other non-invasive f{
ombus accumulation can be directly assessed during bypass by monitoring performa
N as pressure drop across the oxygenator and oxygen transfer rate. An acquired transi
function associated’with selective alpha granule release has been observed in p
Hiopulmonary bypass[138]; other tests of platelet function and release are particularly us

Complement activation is caused by both haemodialysers and cardiopulmonary bypass

Clirfically significant pulmonary leucostasis and lung injury with dysfunction can result[5l[
[147], Forithese reasons, it is useful to quantify complement activation or leukopenia with the
Seelalso.Annex E.

ables such
bd contact
ted by the
echniques.
hce factors
ent platelet
atients on
eful.

bquipment.
L1][16][129]-

se devices.

Therapeutic apheresis equipment and devices for adsorption of specific substances from the blood,
because of their high surface-to-volume ratio, can potentially activate complement, coagulation, platelet
and leukocyte pathways. Examination of blood/device interactions in these and any other high surface
area devices should follow the same principles as for extracorporeal oxygenators and haemodialysers.

A.5 Ventricular-assist devices and total artificial hearts

These devices can induce considerable alteration in various blood components. Factors contributing to
such effects include the large foreign surface area to which blood is exposed, the high flow regimes and
the regions of disturbed flow such as turbulence or separated flow. Tests of such devices may include
measurements of haemolysis, thrombus formation, fibrin formation, thromboembolization, thrombin
generation, platelet survival and activation, complement activation and close monitoring of liver,
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renal, pulmonary and central nervous system effects. A detailed pathological examination at surgical
retrieval is an important component of the evaluation[236][(237],

A.6 Hea

rt valve prostheses

Invasive, non-invasive and in vitro hydrodynamic studies are important in the assessment of

prosthetic

valves.

One of the most effective means of screening for prosthetic valve dysfunction is auscultation[186]. Two-
dimensional and M mode echocardiography makes use of ultrasonic radiation to form images of the

heart. Ref
form an ir;‘{;ge. The structure of prosthetic valves can be examined. Mechanical prostheses emit.sty]

echo sign

of the ima
useful in t
evidence o
echocardia

Measurem
and flow nj

A.7 Vas(

Both porous and non-porous materials can be implanted at varieus locations in the arterial or ven

system. T}
the model
shorter ler

periodic amgiography. Ultrasound, MRI and PET may.@lso be useful. Serial measurements of plat

count, plat|
proteins a
tissue resp
sectional s
for a thor
anticoagul

A.8 1VC

These dev
vascular g1

ctions from materials with different acoustic impedances are receilved and processe

s and the movement of the occluder can usually be clearly imaged. However, the)qud
be may depend upon the particular valve being examined. Echocardiographyjcah alsc
he assessment of function of tissue-derived valve prostheses. Vegetationss/thrombus
F thickening of the valve leaflets are elucidated. Using conventional and celotir flow Dop
graphy, regurgitation can be identified and semi-quantified[2][185][186][18%};

bnts of platelet survival and aggregation, blood tests of thrombosis-and haemolysis, press
easurements, and autopsy of the valve and adjacent tissues are réeommended[205][206],

cular grafts

e choice of implantation site is determined largely by the anatomical consideration
and the clinical site of use. Patency of a given(graft is enhanced by larger diameter
gth. Patency can be documented by palpation of distal pulses in some locations ang

elet release constituents, fibrinogen/fibrin*degradation products and activated coagula
so are recommended. Autopsy of theé\graft and adjacent vascular segments for vasc
onses can provide valuable information. A systematic evaluation of longitudinal and cr
bctions of proximal and distal anastomoses and representative midgraft regions is necess
ugh evaluation of the devicel4][205]. As with many vascular devices, appropriate clin
htion regimens are critical to'device function and performance.

filters, stents and stented grafts

ces can be studied by angiography and ultrasonic radiation. Other techniques useful
aft evaluation'(see A.7) are appropriate here as well[205].
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Annex B
(informative)

Recommended laboratory tests — Principles, scientific basis and

interpretation

B.]I General considerations

B.1]
Thd

of haemolysis, thrombosis, coagulation, platelets, haematology and comiplément syste

CTJt

are

thr¢mbosis, haemolysis and complement.

Add

blogd/device interactions are described in Annex F. Becauselof biological variability an

lim
met

B.4
and

All
and

B.1

B.1

maferial interactions[1]-[30][42}-{#47][157]-[237], It is appropriate to select the model most suit

dev
and

No

appropriateness of the model to the application under consideration should be justified.

In v

.1 Background

general principles and scientific bases of the more commonly used tests to;évaluate the

described in B.1 to B.3. See Annexes C, D and E for further information on the test

itional, albeit less common methods, that may be of further value in the evaluation of

tations, the accuracy and predictivity of many of these tests require careful af

categories
(see 6.2)
egories of

particular
1 technical
tention to

hodology and caution in interpretation of results. Annéx G lists tests which are not reconmended.

presents methodology considerations for testing of, plasma factors specific to coagulati
leucocyte activation and complement activationusing ELISA (or other similar) techniqu

eferences in the bibliography describe in m@re detail and give examples of various stanc
models for consideration.

.2 Invitro versus ex vivo versusin vivo testing

bn, platelet
S,

lards, tests

2.1 A host of in vitro, ex vivo-and in vivo models have been used extensively to estinpate blood-

jce application and test©bjéctive and to consult ISO 10993-12 regarding proper sample |
control group considexations.

single in vitro,Cex vivo or in vivo model will be appropriate for all applications.

fvo tests present a more realistic end-use simulation, yet are complicated by factors such

choiceof appropriate animal model;

hble for the
reparation

Thus, the

as:

interspecies and intersubject variability in responses[47][71][148][149][150];

scarcity of species-specific commercial test kits for common indicators of thrombosis and

coagulation[28][59][60];

heightened costs and ethical and statistical concerns involved in using animal models.

B.1.2.2 Consult with vertical standards for preferred models[1]-[41]. See also Reference [186] for
the juvenile sheep as an accelerated model to study bio-prosthetic valve calcification, Reference [187]
for the adult pig or sheep to investigate transvascular-placed valves and surgically implanted valves,
References [217] to [231] for the adult canine and sheep femoral replacement models used in testing on
small and large diameter vascular graft model, and References [232] to [235] for the porcine coronary
model used extensively to investigate stent designs.
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B.1.2.3 As described in other parts of ISO 10993, carefully conducted in vitro tests offer valid screening
tools to assess the biological safety of medical devices and materials.

Important factors in an in vitro model that require specification are
— volume of whole blood in the basic test system, e.g. tube, loop, or other model,
blood exposure time(s),

blood temperature,

— blood flowcondition,

— anticopagulant type and level,

— exposI:Ire ratio, i.e. ratio of material/device surface area (cm2) to volume of whole blood in|the
system (ml), and

— Dblood-fontacting surface area of the test system itself (cm?2).

NOTE1 The “blood exposure phase” of an in vitro investigation requires a precise (definition of the expogure

conditions ¢f the test material/device to blood. The closer the test conditions mimicZthe clinical application| the

greater the predictivity becomes of the model and the response(s) being evaluated.

NOTE 2 A “testing phase” follows the exposure phase where specific tests are conducted on the exp¢sed

blood, blood
the general

B.2 and B.3

plasma or the material/device itself. A test in the testing phase 15 usually targeted at one or mo
categories, i.e. haemolysis, thrombosis, coagulation, platelets, haematology and complement syst

examine the common methods used to assess the main categories of blood-materials/de

e of
em.

Vice

interactior] (see Table 2).

B.2 Thrpmbosis

B.2.1 Grpss analysis — Retrieval and examination of device and autopsy of distal organs

Gross analysis should always be included as part of a basic device evaluation, as this segment of a deyice
evaluation|is of central importance in‘evaluating the in vivo biological responses to implanted devices.
The distrilpution, visible size and nature of cellular and proteinaceous deposits, and any emboli, |can
best be d Heen
published

e-of. investigation, low- and/or high-magnification high-resolution colour film or
points of interest (of the device, a ounding tissues, e

images at e
appropriately.

B.2.2 Percentage occlusion, surface area covered by thrombus and thrombus-free
surface area

Percentage occlusion may be quantitatively assessed during the in-life portion of the study using
contrast radiography and ultrasonography imaging techniques. Percentage occlusion can also be
visually assessed after an implanted device has been removed. The percentage of occlusion may be a
measure of the severity of the thrombotic process in a conduit. However, lack of occlusion does not
necessarily eliminate the existence of a thrombotic process, since thrombi may have embolized or been
dislodged before percentage occlusion is measured. Occlusion may be caused not only by thrombosis, but
also by intimal hyperplasia, especially at peri-anastomotic sites in vascular grafts. Thus, a supporting
microscopic examination is useful to identify the nature of the occlusive process. Determinations of
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surface area covered by thrombus and thrombus-free surface area are semi-quantitative or quantitative
tests that can be used on a comparative basis with test and/or control devices.

B.2.3 Light microscopy

By this technique, information can be obtained regarding the density of cells, presence of cellular
aggregates, composition of encapsulating tissue, intensity of foreign body response and thrombus
or fibrin adherent to materials. The evaluation of geographic distribution of these deposits on the
materials or device is also possible. The method is semi-quantitative.

For polymeric or biologically-derived materials and devices, paraffin wax embedding methods and

spefial stains may be used to assess the device-biological interface.

For[metal and ceramic materials and devices, more sophisticated hard plastic embedding’and sectioning
tecliniques are useful to capture the intact material/device-biological interfacel207]s[211],

B.2l4 Scanning electron microscopy (SEM)

For|SEM, rationale and interpretation are the same as for light microscopy (see B.2.3). This method has
the|advantage over light microscopy of providing greater detail about-fine structure of cpmponents
beipg examined. Quantitative conclusions require sufficient replicate determinations tp establish

deg]
sec
the
eva

ional analyses can also be used to support the surface observations if additional details
cell and thrombus surface interactions are informatiyelZ0][71][143][205][206], The mo
uation of platelet and leukocyte activation, fibrin and. thrombus formation after blog

ree of reproducibility. This type of microscopy best reflects what can be seen at surfgces. Cross-

regarding
‘phological
d or blood

conjponent (e.g. platelet-rich plasma) dynamic exposure with comparison to reference [controls is

valjable[143][173],

B.3 Invitro haemocompatibility

B.3l1 Haemolysis — Methods for testing

Hadmolysis is regarded as a significant screening test because an elevated in vivo plasma hgemoglobin

levgl is abnormal and may be indicative of an underlying haemopathology or vascular problemn. Properly

performed, an elevated plasmahaemoglobin level indicates haemolysis, i.e. the release ¢f contents

of red blood cells (RBCs), afid-may reflect erythrocyte membrane fragility or damage to R[BCs. In the

ass¢ssment of blood-matexial/device interactions, haemolysis may result due to:

a) |direct blood contact with the material(s)/device surface(s) (material-induced);

b) |indirect cofitact from exposure to extractable chemicals from the device material$ (material
induced);

c) |exposure to turbulence and elevated (i.e. non-physiological) shear stresses from fthe device

operation (mechanically-induced).

See Annex D for more extensive details on testing for haemolysis.

B.3.2 Coagulation — Methods for testing

B.3.2.1 General

The coagulation cascade has two parallel pathways, the contact activation pathway (the intrinsic
pathway) and the tissue factor pathway (the extrinsic pathway) that merge to form a common pathway.
The latter includes the protein thrombin, which catalyses the formation of fibrin, a main component
of a thrombus. While it is known that the primary pathway for the initiation of blood coagulation is
the tissue factor pathway, coagulation associated with blood contacting devices and materials occurs
through the contact activation pathway. The pathways themselves are a series of reactions in which
successive inactive enzyme precursors (referred to as zymogens) interact with their glycoprotein
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co-factors to become active components in a cascade of activation events. The reactions culminate in
the formation of active thrombin that then catalyses the formation of fibrin. Coagulation factors are
generally indicated by Roman numerals, with a lowercase “a” appended to indicate the active form. See

Figure B.1.

Assessment of coagulation activity, i.e. the degree of change in blood levels of proteins leading to
thrombin and fibrin formation (see Figure B.1), has long relied on clinical assays that measure plasma
levels of key proteins in the coagulation cascade. Normal resting (homeostasis) levels of coagulation
activity are well established, as are some elevated levels observed in various clinical coagulopathies.
The presumption for such testmg w1th medical dev1ces is that appropriate materlals and dev1ce designs

should not,
levels of ¢
induce or |
clinical lab
technique.
of appropr
retrieved U
conditions
appropriat
results on

significant
design thaf

agulation activity may be an indicator of a higher tendency for the material or devic
e associated with acute thrombosis or thromboembolism. To measure coagulation-actiy
oratories often rely upon test kits that use common enzyme-linked immunosorbent as
In a basic study, which may be either in vivo or in vitro and will depend upon’availab
iate antibodies to species-specific target coagulation protein epitopes, blood samples

or factors important in an in vitro model are described in B.1.2.3. Comiparison of resulf]
e controls such as negative controls (e.g. baseline levels or no material/device exposure)
L predicate device(s)/materials(s) is critical. Coagulation activity inblood that is statistic:
y and biologically-significantly higher than controls may be an jiidicator of a material/de

presents a higher risk of coagulation-related complications¢Example coagulation activag

igh
e to
ity,
say
lity
are

nder defined conditions and prepared and analysed per assay instructipns: Typical defined

s to
and
1ly-
yice
ion

proteins fof which commercially-available ELISA kits are available in¢lude TAT (thrombin-antithronpbin

complexes],

(protein fr

Proteins indicating coagulation activation generally exhibitsdn initiation, propagation and terminat

phasel56][5
and a slow
protein de
levels of co
to considet
contact. Fd

each phasd.

surface ar¢
this reason
If possible
the materi
consistent
considerin
responses

There will
of the test
use cut seq

F.1.2 (protein fragment released from prothrombin upén formation of thrombin) and
hgment released from fibrinogen upon formation of fibrin).

7]. This reflects the initial formation reaction(s), a cascade/feedback amplification pe
down/deactivation period where critical precursors may be consumed or the measy
hctivated by negative control feedback proteins. Thus, order-of-magnitude difference
hgulation activation proteins are to be expected over time. Consequently, an important fa
is when the activation phase actually occurs during the time of the material/device-bl
r example, the impact of test materials when mixed with blood may be quite differen
In addition, as coagulation protein activation is generally proportional to blood-contac
ba, surface area (SA) of a device or device material can be very influential on results.
it is important to specify the test SA-to-blood-volume ratio (exposure ratio) in each st
the exposure ratio may_be treated as a variable to aid in understanding the specificit
nl effect. Exposure-tatios of 3,0 cm2 to 6,0 cm2/ml blood (based on device thickness)
with ISO 10993-12,@ther exposure ratios such as 1,5 and 2,0 times this ratio may be w

o
D

Lo the test material.

FPA

ion
riod
red
5 in
Ctor
ood
t at
[ing
For
1dy.
y of
are

drth
as higher surface areas will theoretically increase the sensitivity of the coagula

be a physical limitation on the amount of test material that can be tested due to the vol

each in thq
sections th

atresultin exposure of 51gn1f1cant amounts of non- blood contact surfaces

Naturally, there are a number of mechanisms that have evolved to keep the coagulation cascade in
check. One of those mechanisms involves the protein antithrombin. Antithrombin is a serine protease
inhibitor that can bind to and deactivate the serine proteases thrombin, FIXa, FXa, FXIa and FXIIa.
While antithrombin is constantly active, its interaction with heparin alters its conformation, which
greatly accelerates its rate of inhibition of the proteases.

NOTE ELISA testing for blood coagulation factors represents the “testing phase” discussed in B.1.2, i.e.
for testing on the blood samples procured following in vitro or in vivo blood exposure to the medical device or
material.

Many standard coagulation assays are designed to detect clinical coagulation disorders which result
in delayed clotting or excessive bleeding, rather than conditions that enhance clotting/thrombosis.
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Protocols for evaluating blood/device interactions shall be modified appropriately to evaluate

acc

elerated coagulation induced by biomaterials.

Interactions between the coagulation and complement systems are recognized[143]-[147],
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Figure B:1’— Coagulation cascade

2.2 Thrombin-antithrombin (TAT), F1.2 and fibrin (FPA) ELISA assays

amount of fibrin being formed, both of which are reflective of the level of coagulati
ng place and may.be reflective of thrombosis taking place. See B.4 for details on gen
hodology.

2.3 Partial thromboplastin time (PTT)

partialthromboplastin time is the clotting time of recalcified citrated plasma upon the
Fial.thromboplastin which does not contain an activator. Partial thromboplastin is a pl

se ELISA assays that directly reflect thrombin (TAT, F1.2) and fibrin (FPA) formation are
mercially available. The-output is a quantitative estimate of the amount of thrombin gresent and

bn activity
eral ELISA

addition of
ospholipid
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lian brain

or lung. Shortening of the PTT following contact with a material under standard conditions indicates
activation of the intrinsic coagulation pathway of blood coagulation. Heparin and other anticoagulants
cause a prolonged PTT. See Reference [23].

Reagents for tests based on the activated partial thromboplastin time (APTT) include an activator, such
as kaolin, celite or ellagic acid. Reagents with such activators should be avoided when assessing the
effects of blood-contacting devices or device materials because they mask the coagulation caused by
materials or devices.

In coagulation testing of medical materials and devices, it is the device or material itself that serves
as the activator of coagulation. Appropriate positive and negative control materials should be used
whenever available. A negative control, the blood plasma itself without the material/device, should be
included.
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B.3.3 Platelets — Methods for testing

B.3.3.1 General

Assessment of platelets and their state of activation has been described throughout the literature, e.g.
see References [69] to [94] as a partial list. However, for blood-contacting medical devices and materials,
the most commonly used methods have arguably been simple counting of platelets and measurement
of platelet degranulation proteins following controlled exposure of medical devices or materials to
blood. Normal resting (homeostasis) levels of platelets and degranulation proteins are well established
(see commercial ELISA kit product literature), as are some abnormal levels observed in various clinical
thrombocy i i i i i i i iate

materials

activation
an indicatd
rise to conj
counting is
standard e
proteins. C
assay tech
in vitro an
granule pr
analysed p
are descril
baseline le
materials(3
statisticall

ind device designs should not be associated with excessive platelet consumptionyand/or
Lhat could bring risk to the patient. High levels of platelet loss and/or degranulationymay be
r of a tendency for the material/device to induce or promote these conditions which'can give
plications of bleeding or thrombosis. To measure platelet counts and platelet-degranulatiion,
performed using a routine differential cell counter and the degranulation-is)assessed uging
nzyme-linked immunosorbent assays (ELISAs) for well-recognized platelet alpha-grapule
inical laboratories often rely upon test kits that use common enzyme-linked immunosorfent
nique to measure the alpha-granule proteins. In a basic study, whieh'may be either in vivp or
1 will depend upon availability of appropriate antibodies to species-specific target platelet
otein epitopes, blood samples are retrieved under defined conditions and prepared pnd
er assay instructions. Typical defined conditions or factorSdmportant in an in vitro medel
ed in B.1.2.3. Comparison of results to appropriate controls such as negative controls [e.g.
vels or test system with no material/device exposure)and results on a predicate devicd(s)/
) is critical. Platelet count decreases and blood dégranulation protein increases that|are

a material
alpha-gra

physi
blood

BTG (H

NOTE y
degranulati

As in coag
surface ar¢
For this re
If possible
the materi
consistent
considerin

PF4 (platelet factor 4, a 70-amino acid proteinthat binds with high affinity to heparin; PF4’s m

y-significantly and biologically-significantly diffefént than controls may be an indicatj‘r of
device design that presents a higher risk for platelet consumption and activation. Example
le proteins for which commercially-available:ELISA kits are available include

hjor

e of
il

ogic role appears to be neutralization of heparin-like molecules on the endothelial surfad
ressels, thereby inhibiting local antithrombin III activity and promoting coagulation), an

eta-thromboglobulin, a chemokine for fibroblasts and neutrophils).

'hrombin from the coagulation cascade is a potent platelet agonist that can readily cause platelet

bn. Thus, high levels of thtombin will correlate with high levels of platelet degranulation.

ulation, platelet cénsumption (loss) is generally seen to be affected by blood-contac
ba. Thus, surfacé-area (SA) of a device or device material can influence platelet count d
hson, it is important to specify the SA-to-blood-volume ratio (exposure ratio) in each st
the exposure ratio may be treated as a variable to aid in understanding the specificit
n1 effect{ Exposure ratios of 3,0 cm?2 to 6,0 cm2/ml blood (based on device thickness)

[ing
ata.
1dy.
y of
are
rth
ses

b as\higher surface areas will theoretically increase the sensitivity of the platelet respo

to the test

with ISO"10993-12. Other exposure ratios such as 1,5 and 2,0 times this ratio may be W:F

madterial.

Platelet activation is a process that occurs over a time (minutes to hours) and is recognized to
be potentially reversible up to a point, or once initiated, it can progress non-reversibly to the point
of presenting significant shape deformation, loss of cytoplasmic constituents and shedding of
microparticles and complete destruction. This process is dependent on stimulus type and amount.
There are numerous known potent stimulants, called platelet agonists, examples of which are thrombin,
ADP and collagen. Foreign surfaces themselves, such as blood-contacting medical devices, can also
behave like agonists since they can cause thrombin generation. In addition, platelets can adhere to
these surfaces, remain adhered or detach in activated or non-activated states and go through shape
changes leading to platelet destruction. Thus, assessing the overall state of platelet activation at any
point in time may benefit from the use of agents that help to “arrest” the platelets in their physical
and biochemical state at a particular point in time. Consequently, if platelet assessment cannot be
made immediately after removing the test material or device from the test system, a number of agents
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have been suggested to counteract further platelet activation and to stabilize platelets[88][89][90][91],
Examples of these agents are acid citrate dextrose (ACD), citrate, theophylline, adenosine, dipyridimol
(CTAD) and other platelet-stabilizing reagents, such as ThomboFix™1. To the extent that such stabilizers
can minimize artefactual platelet activation, and not obscure interpretation of biomaterial-specific
platelet activation responses, use of such stabilizers is worth consideration, if validated to confirm that
relevant endpoints are not adversely impacted.

B.3.3.2 Platelet count

Itis 1mportant to determine the platelet count[45][121] because of the key role platelets have in preventing
blegding-a > opd exposed
to a device can be caused by platelet adhes10n platelet aggregatlon platelet sequestratlon (fpor example
in the spleen) or thrombus formation on materials or devices. A reduction in platelet éount|during use
of ajn implanted device may also be caused by accelerated destruction or removal of platelefs from the
cirdqulation. Various anticoagulants may be suitable for enumerating platelets[151]-[¥56],

ated under
metry and

Blo
a v
floyf

bd collection techniques should be reproducible. Platelets can become hyperactive/activ
riety of conditions, including improper blood collection. Tests such as\platelet aggregd
U cytometry may be considered to verify normal platelet reactivity and activation.

B.3
pla

3.3 Platelet activation: Platelet granule-release proteins beta-thromboglobulin (§-TG) and

felet factor 4 (PF4), thromboxane B2 (TxB2) and platelet‘'morphological changes
The
a)
b)
c)

Act
as 1
mat

use of certain materials or devices may cause plateletactivation, which can result in the following:
release of platelet granule substances, such as BTG, PF4, TxB2 and serotonin;
altered platelet morphology;

generation of platelet microparticles.

vated platelets are pro-thrombogenic. Platelet activation can be evaluated by various njeans, such
hicroscopic (light and electron microscopy) examination of morphology of platelets adhgrent to the
erial or device and measurement of BTG, PF4 and TxB2 released from activated platelets|

BT(
afte
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deyv|

and PF4 are proteins that«are stored in alpha-granules of platelets and released in larg
r platelet activation[85][86][87][106], Both of these proteins can be assessed by commerciall
BA assays. Increases in platelet activation can occur through multiple paths associated w
ices and materials,The device/material itself may be platelet activating, turbulence an
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y-available
th medical
1 excessive

bnists such
ce or local
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ind B.4 for

ipn through
eFial/deVice

shegr forces can cause.platelet activation and platelet activation can be caused by potent ag
as thrombin whiehhymay form as a result of thrombosis associated with the material/dev
injury. High levels-of TxB2, also measurable by ELISA, indicate high levels of its precursor
thrgmboxane<A2, a potent platelet agonist thought to be produced by activated platele
alsq thoughtto be reliable species-independent marker of platelet activation. See B.3.3.1
details onwgeneral ELISA methodology. It may also be valuable to assess platelet activat

the|evaluation of the morphological changes platelets undergo when activated on a mat
Sur‘ r’7mr’71][1’721.

B.3.4 Haematology — Methods for testing

B.3.4.1 Complete blood count (CBC)

The electronic complete blood count analysis (often referred to as CBC) is a vital test used every day
in hospital haematology laboratories. Its primary purpose is to quickly and accurately enumerate the
concentration of the various cell populations in the patient, where abnormal readings can provide early
and vital information on a host of potential disorders. The CBC is used to determine the number or

1) ThomboFix™ is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute and endorsement by ISO of this product.
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proportion of white and red blood cells in the body. The analysis includes platelet counting. In analyses
on blood-material/device interactions, CBC data provides basic information on the impact of the
device/material interaction with formed blood elements. Counts of platelets and leukocytes pre- and
post-blood exposure to material/device are valuable in deducing the loss of activated platelets and
leukocytes taken up in clot formation by thrombogenic surfaces and therefore provide an estimate of
the surface’s thrombogenic potentiall24].

B.3.4.2 Leukocyte activation

Leukocyte actlvatlon can be determmed by m1croscop1c examination of the dev1ce surface for act1vated
leukocyte S ; v i
the amounjt of polymorphonuclear leukocyte (PMN) elastase released to plasma followmg activation
from interpction of a material or device with blood. Another approach based on the prin€iple that
thrombi adhering to material will contain a large number of platelets and leukocytes involyes @ssesing
the decreage in their counts in blood[24].

B.3.5 Complement system — Methods for testing for C3a and SC5b-9

The complpment system resides in blood plasma in the form of a biochemical cascade that functjons
as a defenfe mechanism designed to supplement or “complement” the ability of antibodies to clear
pathogens|{from the body. It is a part of the immune system referred to asithe “innate immune syst¢m”.
Here, unlike antibody protection, the response activity is neither acquired nor adaptable over time.
The complement system forms a fundamental line of defence thatswdrks alongside and can medjate
specific anfibody mechanisms. The complement system can, however, also be brought into action byfthe

surface(s) ¢f materials foreign to the body, including blood-contagting medical devices[129][138],

The system consists of a number of proteins found insblood that normally circulate as inacfive
precursord. The nomenclature for the complement proteins is “C” followed by a simple Arabic nunjber
for the natfve protein, and if cleaved, a small “a” or “b”.foindicate the fragment. In the presence of aflow
level of spgntaneously formed reactive C3b, the presence of a biomaterial can trigger an amplificafion
response whose end result is production of inflammatory mediators, e.g. C5a and cytotoxic profein
complexes| e.g. membrane attack complex .(MAC), which can stimulate an array of inflammatory
responses [ncluding white blood cell (WB(C]) chemotaxis, reactive oxygen species (ROS) production pnd

cytokine expression[129][130], See Figure B.Z.

There are numerous proteins and protein fragments that make up the complement system and these|can
be divided|into three distinct activation pathways: the classical complement pathway, the alternafive
complememt pathway and the.mannose-binding lectin pathway. It is the alternative pathway that is
most regarlded as being affectéd by and reactive to the presence of medical materials.

A number [of commercial\ELISA assays are available to assess the amount of complement proteip in
blood. As [C3a is an fubiquitous fragment amplified during activation, this complement proteip is
considered a good general indicator of complement activation. In addition, a soluble form of the termijinal
MAC abbrgviated .SC5b-9 can also be assessed by ELISA assay. SC5b-9 is generally considered a 1y
important [marker representatlve of the full extent of complement actlvatlon Elevated levels of an

as haemodialysis filters and cardiopulmonary bypass devices have been associated with high levels
of activated complement components[129]-[138][143] and this phenomenon has been linked to activate
leukocytes and leukocyte sequestration in the lungs[130][137],

Measurement of complement fragments has several disadvantages. First, ELISA kits only assay
complement components in the fluid phase (serum or plasma); they do not measure the complement
components which are activated and adhere to the device surface. Depending on the nature of the
device material, there could be significant amounts of activated complement on the device/material
surface which is undetected by commercial ELISA kits. Second, there is species-specificity for many
of the commercially-available kits and high baseline levels are observed in typical in vitro testing.
Thus, appropriate controls need to be included and compared. The classical CH-50 method appears
useful with human, bovine, porcine and rabbit serum. However, sensitivity of CH-50 for detecting
complement activation following contact with materials/devices is low, given the CH-50 test measures
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residual complement activity and most often only a small portion of complement system is activated by
materials/devices. Another functional method of measurement of complement activation in vitro is the
generation of complement C3- or C5-convertase determined by substrate conversion. References [18]
and [19] also address complement activation. Annex E provides further information on considerations
for complement testing of medical materials and devices. See B.4 for details on general ELISA
methodology.

m Alternative Pathway
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Figure B.2 — Alternative complement pathway

B.4 Methodology considerations for testing of plasma factors specific to

coggulation, platelet and leucocyte activation and complement activationusing
ELISA (nr other cimilar) tprhniqupc

B.4.1 General

Assessment of coagulation, platelet, blood cell and complement activity has long relied on clinical
assays that measure plasma levels of key proteins formed in activation cascades or released from
activation or damage to various cells types. Here, clinical laboratories often rely upon test kits that
use common enzyme-linked immunosorbent assay technique. In a basic study, which may be either
in vivo or in vitro, implementation will depend upon availability of appropriate antibodies/test kits to
species-specific target protein epitopes. Additionally, blood samples will be retrieved under defined
conditions and prepared and analysed per assay instructions. Defined conditions may include blood
exposure time, anticoagulation and anticoagulant level, temperature, flow, haematocrit and other
factors. Comparison of results to appropriate controls, such as negative controls (e.g. baseline levels
or no material/device exposure) and a predicate LMCD, is critical. Activation markers in blood that
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are statistically-significantly and biologically-significantly higher than controls may indicate a
material/device design that presents a higher level of coagulation-, platelet- or complement-mediated
risk to the patient. Example coagulation proteins for which ELISA kits are commercially available
include TAT (thrombin-antithrombin complexes), F1.2 (fragment released from prothrombin upon
formation of thrombin) and FPA (fibrinopeptide A released from fibrinogen upon formation of fibrin).
Similarly, commercial ELISA kits are available for assessing platelet activation (e.g. alpha granule
release of BTG and PF4) and complement activation (e.g. C3a and SC5b9 formation).

B.4.2 General assay methods and documentation

B.4.2.1 (eneral

Include thq following with any test reports.

B.4.2.1.1 |Reference documents

Manufactufrer ELISA protocol IFU in kit.

B.4.2.2 Storage and stability

Describe all storage and stability conditions of the kit reagents and the bléod/blood plasma being uped.

B.4.2.3 Procedure

B.4.2.3.1 |Sample preparation

Provide geperal instructions.

Results of
material bg

test
fied

such testing are invariably dependent upon surface area (SA) of a device or device
ing tested. For this reason, the SA-to-bldod-volume ratio (exposure ratio) should be speci

in each stu
with ISO 1
as highers

[t is impor
name and

B.4.2.3.2
Provide de

WARNING
a single i

recommended to capture all sample values on the standard curve. The sample absorba

!

shall be in| the range defined by the lowest and the highest standards. If not, the samples sh

be reteste

B.4.2.3.3

dy. Exposure ratios of 3,0 cmZ2 to 6,0 cm2/ml blood (based on device thickness) are consis
993-12. Other exposure ratios suchas 1,5 and 2,0 times this ratio may be worth conside
urface areas will theoretically inerease the sensitivity of the response to the test surface

Fant to specify the means/of\quenching the reaction following the incubation period, i.e.
oncentration(s) of the quenching agent(s).

Dilution factor (DE)

tails on dilutionfactors used, diluents used, etc.

fent
ing

list

— Considerable inter and intra donor-to-donor variability can be observed, mak
al DFdifficult to identify. A minimum of two test sample dilution factors is ther

ing

efore
ces
uld

d with a new DF so that results fall within the range of the standard curve.

Data selection in cases of testing with multiple DFs

If all or some samples are tested under conditions of no dilution, low dilution and high dilution, report
the values requiring the smallest DF that are on the standard curve. It is also acceptable that if the “no
dilution” samples contain some off-the-curve values and all “low dilution” samples are on the curve and
the “high dilution” samples contain some below-the-curve values, to simply report the “low dilution”
readings where all values are on the curve under the same DF.

B.4.2.3.4 Preparation of standards

Describe in detail how the standard curve and controls are prepared.
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B.4.2.3.5 Method

Describe in detail the overall methods in the order followed, including highlighting any deviations from
the ELISA kit instructions.

B.4.2.3.6 Evaluation

Describe in detail the calculations made to determine the plasma levels of the protein being measured.

B.4.2.3.7 Statistical analysis

Describe in detail the methods of statistical analysis.

B.4]|2.3.8 Limitations and interferences

Listl all limitations or interfering factors such as incorrect blood collection technique, e.g. Inadequate
mixing of the sample and citrate solution (or other anticoagulant such a heparin) may leadl to falsely
eleyated coagulation protein values; a wrong anticoagulant may lead to ‘elevation of all Hackground
values, etc.

B.4]|2.3.9 Reference interval

Lis known normal and abnormal plasma levels of the proteinbeing measured and expecteld values of
confrols.

B.4|3 Attachments

Include suggested dilution factor information, EEISA assay data sheet forms, checklists foif the ELISA
profedure, etc.
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Annex C
(informative)

Thrombosis — Methods for in vivo testing

ral considerations

C.1 Gen

Numerous
for blood-(
methods d
These met
this docun

O CUTIO T C I ottt

approaches have been applied to assess the process and events of thrombosis. Howse
ontacting medical devices and materials, the in vivo nature of thrombosis has' led to
bscribed in C.2 and C.3 being more commonly used to assess device-associated\thrombg
hods are used in evaluation of permanent- and temporary-contact devices. Asjpointed oy
lent, the diversity of blood-contacting medical device applications dictate$ that in vivo

models will be necessarily diverse, in order to appropriately mimic each clinical application.

The metho
as here the
The main ¢
simulation
analyses ta

The metho
it may be 1
as the non
anticoagul

d in C.2 is accepted to be the most relevant manner in which to assgssdevices for thrombg
actual device is evaluated in its intended clinical implant configuration in an animal mag

lements in this work are alignment of the animal protocol aceording to ISO 10993-2, accu
of the human clinical application and inclusion in the pratqcol of a detailed method(s)

be used to assess the degree of thrombosis.

d in C.3 is used less commonly and is not widely accepted throughout the world. Howe
required or requested by certain regulatory authorities. The method has been referre
-anticoagulated venous implant (NAVI) model (When anticoagulation is not used) and
hted venous implant (AVI) model (when anticoagulation is included). The method it

involves imsertion of catheter-shaped devices, or-device materials formed into catheter sha

into the ve
material/c
advantage
and device
interpretat

When the t
are equiva

C2 Inv
As stated i

application
assessmen

ins of animals for up to 4 h followed.by gross assessment of amount of thrombus on
htheter surface. The caveats with thelmethodology are shown in Table C.3 along with nc

provided in Table C.4. Because pfthese caveats, and to avoid the false labelling of mater
s as thrombogenic in nature, data generated using this model requires extreme cautio
ion[143]. See also A.3.

est device is a catheter«type device used in a venous application, the methods in C.2 and|
ent.

fvo implant&tudy of final device in pre-clinical animal study

h this doeument, in vivo testing should be performed on devices intended for in vivo/imp
s (see6:¥6, 6.3.2 and 6.3.3). Protocols should include detailed methods for appropr
L of blood/device interactions, e.g. analyses on

Ver,
the
sis.
tin
test

Sis,
del.
Fate
and

ver,
1 to
the
self
pes,
the
ted
ials
h in

C3

ant
jate

a) thede

icelitself

b) blood samples from the test subject, and

<)

susceptible tissues and end organs.

Such preclinical testing should use models that simulate actual in-use application conditions, e.g.
same implant site, geometry, flow, contact duration, temperature, sterility, etc. (see 6.1.2), and include
appropriate traceable controls, e.g. a predicate device (see 6.1.3). Importantly, testing should only
be done on actual complete (finished) devices or components (see 6.1.4), as testing on non-finished
products and testing in poorly simulated use conditions will not be highly predictive of performance in
clinical applications (see 6.1.6).

Accordingly, devices with ex vivo application and devices with in vivo application should be tested in
appropriate ex vivo and in vivo models, respectively. Anticoagulant use in ex vivo/in vivo models should
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be consistent with the type and quantity used in the routine clinical device application and the product
IFU (see 6.1.12). Use of appropriate replication, statistical design and analysis methods should be
considered in animal studies (see 6.1.14 and References [213], [214], [215] and [216]).

Consider tests, as appropriate, in these categories: thrombosis, coagulation, platelets, haematology
and complement activation, as described in Table 2. By way of example, one analysis might consist of
gross examination and SEM on the device to assess degree of device-associated thrombosis. Inspection
of susceptible downstream organs, e.g. lung and kidney, for evidence of thromboemboli will aid in
assessing potential for device-associated thromboembolism. If appropriate antibodies are available,
coagulatlon may be assessed by measurlng blood plasma levels of 1ndlcators of coagulatlon and fibrin
ring and or
the device
used for a
Finally, for
bmplement

blatelets. Routine differential blood cell countlng and plasma-free haemoglobin can be
ral assessment of haematology factors and assessment of blood cell physical damage.

hctor being
b predicate

application. As always, vertical standards should be constlted in the various device argas. For the

lattpr, numerous examples can be found among references.

L under no
.3, describe

NOTE1 For catheter-shaped devices intended to be implanted in the venous environmen
anticoagulation, or anticoagulation, the NAVI and AVI implant models, respectively as described in (
the pppropriate in vivo study approach for these devices:

[ under no
ed arterial
escribe the

NOTE 2  For catheter-shaped devices intended<to be implanted in an arterial environmen
anticoagulation, or anticoagulation, a non-anticoagulated arterial implant (NAAI) or anticoagul

implant (AAI) model, in analogous appropriaté.arterial implant positions to those described in C.3,

idegl study approach for arterial implant devices.

Seelalso 6.3.3 and Annexes A and B.

In vivo NAVI and AW thrombogenicity tests

or a device
situations,
zing a new

NAVI and AVI testdnvolves inserting a catheter (or other appropriately-shaped) device,
material made into acatheter shape, into the vein of a large animal. It has been called for in
for pxample, of clHapacterizing a new catheter, evaluating a new device coating, characteri

material and in ¢€ifcumstances of changing a vendor or material/device processing step. In

itself, a number of venous positions have been used (see Figures C.1 and C.2). In the absencé¢

presence (AVI) of anticoagulants, duplicate or triplicate implants are allowed to incubate |
perjod.ofiap to 4 h. (Instances of less and more time may be justified, given the specific applid

the model
(NAVI) or
n situ for a
ation.) The

implants are then removed and assessed for the amount of apparent thrombus on the surface.

The canine

femoral or jugular vein model 1s most commonly used, where a test material/device 1s positioned in one
vein and a control material or predicate device is placed in the contralateral site. The test requires two
to three large animals, with alternating test and control implant locations to avoid bias, and assessment
of thrombus on the devices using a scoring method such as those shown in Tables C.1 and C.2. Results
may be supplemented with gravimetric analysis of the observed thrombus and observations of vessel
patency. Results of the test device should be equivalent to, or less thrombogenic than, an appropriate
LMCD, if available or unless otherwise justified. It is important to make sure that all clinically blood
contacting device components are evaluated. Various worldwide regulatory authorities have suggested
that up to 15 cm of the test and control be implanted in order to ensure adequate exposure during
testing. Depending on the device configuration, this may require that a custom device be created to
reduce the length of the components, while maintaining the same material ratios as the complete
device. As an alternative, a device can be subdivided into multiple test samples if necessary.
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For devices and materials intended for arterial implantation, methods may be adjusted accordingly to
use arterial implant positions.

CAUTION — Variation in results has been observed between

a) testfacilities,

b) testevaluators,

c¢) replicates on the same material, and

obtained on controls(143]

d) scores

Table C.3 ¢
some note
assessmen
in evaluati

Key
1 femora
2 jugular

ives a summary of the main controversies of the NAVI and AVI models. Table C.4 provides
d advantages of the NAVI and AVI models. The greatest utility of the model may bg¢ in
L of test materials intentionally modified to reduce acute thrombus formation, for example
hg heparin coatings.

Figurie C.1 — Main implant positions used in the NAVI/AVI model
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Key

AA
IVC
SvC

CAU
int¢

IVC-IVC

SVC-1vC

IVC-AA
abdominal aorta

inferior vena cava
superior vena cava

TION — Use of these implant positions requires careful consideration for artefact due to d¢
raction and/or bias for positional differences in thrombus formation.

Figure C.2 — Other leSs>frequently used NAVI and AVI implant positions

Table C.1 — NAVI/AVI scoring scheme A

Thrombus formation score description Score

No significant thrombosis
(a very'small clot is acceptable at insertion).

o

Minimal thrombosis, one location.

Minimal thrombosis, multiple locations.

Significant thrombosis, > 1/4 to < 1/2 the surface of the implant, vessel patent.

Significant thrombosis, > 1/2 the surface of the implant, vessel patent.

vice-device

W=

Vessel completely occluded.
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Table C.2 — NAVI/AVI scoring scheme B

Thrombus formation score description Score

Thrombus non-existent or minimal and, if present, appears to be 0
associated with implant venotomy site.

Thrombus minimal, observed to be covering 1 % to 25 % of material

1
surface.
Thrombus moderate, observed to be covering 26 % to 50 % of material 2
surface.
Thrombus severe, observed to be covering 51 % to 75 % of material a
surface.
Thrombus extensive, covers 76 % to 100 % of material surface. 4
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Table C.3 — Main caveats in using the NAVI or AVI models[143]

Factor Description Concern
High flow environments lead to low levels of surface-associated thrombus and
vice versa. Therefore, slight differences in anatomical factors such as target vessel
1 Implant position diameters and/or venous valve positions can have potential impact on the amount
of thrombus observed. Additionally, if the implant is placed at an angle or position
which alters blood flow to create eddy currents leading to stasis, thrombus
formation may occur unrelated to the material properties of the test device.
Each test and control should be identically and precisely inserted into the target
D Implant technique|veins with each situated in an identical position (preferably centrdlly-logated with
no vessel wall contact).
This factor relates to vessel wall injury/endothelial denudation’during tle
Extent of implantation and incubation periods. The implant itself cdn\contribute tp
B device-vessel thrombosis as a result of mechanical contact with the vessel wall, which|induces
wall contact injury and tissue factor activation. Here, the material'factor may play a rhinor role
in the extent of observed thrombus and device gednietry can play a majqr role.
The main measured response of extent of surface-associated thrombus fends to be
" Time/incubation |intense within the first 1/2 h to 2 h. Sometime after this period, the thrgmbolytic
period (fibrinolytic) system can initiate and bioehemically remove some of the g@ssociated
thrombus.
Depending on the makeup and the extent of the surface-associated thrombus on
the sample, the thrombus material‘being measured/scored can be fragilg and
readily slough off during the deyice retrieval/exposure. Without special
- Explant technique precautions, this material, offen referred to a “sleeve thrombus”, can be [squeegee
off” if the sample is retracted from or disturbed in its implant site. Some
investigators use of in.s{tu perfusion fixation to flush away non-adherent blood
elements and concomitantly crosslink the device/thrombus/vessel into § tougher
(and more physioldgical) geometry.
Material/ This model hag-been used to assess the thrombogenic potential of new materials,
. . evaluate process changes on existing approved materials and to qualify hew
b material . o
surface vendors. Often a lega_lly-marketed comparator device (LMCD) or materidl is used
as a cofitrol, which yields equally variable results.
Non-thrombo Exteensive work by experts in the field[17Z][178][179] has demonstrated thht
adherent hydrophilic surfaces can be thrombogenic (and thromboembolic) yet not be
y materials get thromboadherent. This test will give passing scores to devices and matejrials that
labelled are thrombogenic and non-thromboadherent.
non-thrombogenic
Recipient/ Papers on this topic[56][57][180] indicate that test subjects can have significantly
b subject different “thrombotic potentials”, i.e. differing capacity to form thrombys upon
thrombotic exposure to medical implants and other stimuli. This can result in signifficant
potential differences in scoring between test subjects.
In complying with ISO 10993-2, combined with the variability in responges seen
D Statistical power |hetween predicate devices and materials, and hetween test subjects, obfaining a
statistically-meaningful conclusion is often not possible.
B The training and skill of the evaluator assigning thrombus scores is extremely
valuator : s : O S
10 expertise important. Some may have difficulty differentiating between true in vivo thrombus
and false thrombus [post/ante-mortem (agonal) clot formations].
Nearly all devices and materials tested in the AVI model receive scores of zero and
11 Anticoagulation |pass the test. This brings into question the purpose and rationale of using the AVI
impact model. In the NAVI model, most hydrophobic materials show varying degrees of
thrombus while hydrophilic materials show minute levels of thrombus.
Besides potentially causing vessel wall damage, if the size of the implant relative to
12 Implant size to the vessel diameter is too large, blood flow can be affected (stagnation),
vessel diameter |predisposing to thrombosis. In general, the cross-sectional area of the implant
should not occupy more than 50 % of the vessel lumen.
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Table C.4 — Advantages in using the NAVI or AVI models

Factor Description Concern
The NAVI model has been known to consistently show substantial in vivo
Studvine thrombus thrombus formation on hydrophobic polymers, particularly after 1 h or less
1 form};tign blood exposure. As such, the NAVI model is a good model to study thrombus
formation. For example, it may be a useful tool to study the impact of
thrombus on devices, such as intravascular sensors[143],
Coatings applied to device surfaces to reduce thrombogenicity should show
Evaluating coatings |measurably different and consistent responses, i.e. lower than non-modified
2 intended to reduce |controls, when tested in the NAVI model.
thrombogenicity  |Caution: Testing should include steps to assess thromboembolic potentialfas
non-thrombo-adherent surfaces may still be thrombogenic.
. Coatings applied to device surfaces to enhance thrombogenicity should show
Evaluating . ; . . A
coatings intended measurably different :%nd consistent responses, i.e. higher than nen-modified
3 to enhance controls, when tested in the NAVI or AVI model.
. Caution: Testing should include steps to assess thromboembelic potentialas
thrombogenicity ) ;
thrombogenic surfaces may shed emboli.
Screening of The NAVI and AVI models are most appropriate for testing catheter-type
materialsgfor devices intended to be introduced into the vasculature for short periods of
4 . time. Multiple materials and device designs carxbe tested in this model with
cardiovascular h 1 1 Ibei 1 ifi
applications the contralateral vessel being used to assess a‘control or non-modified

version of test devices.
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Annex D
(informative)

Haematology/haemolysis — Methods for testing — Evaluation
of haemolytic properties of medical devices and medical device

materials

D.

General considerations

Extensive literature is available that describes blood/material interactions. Bnfortunatel
methods exist which are reliable, reproducible and predict clinical performangeé, This annex
the[known haemolysis test methods and discuss factors pertaining to their ability to characterize

me
pro
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D.2

D.2
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D.2

Flu
def
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dev]

ical materials and devices. Haemolysis is a function of blood-matenial exposure time ar
perties such as surface energy, surface morphology and surface“chemistry. Haemolys
Ction of local mechanical forces and biochemical factors.

Causes of haemolysis

.1 Osmotic pressure (osmotic pressure-induced haemolysis)

erythrocyte membrane is a semi permeable membrane. A pressure differential will occu
tions of different concentrations are separated by such a membrane. Osmotic pressure o
membrane is impermeable to passive solute'movement, yet it allows passage of a pure sc

ase of free haemoglobin[175]. It should-also be noted that the osmotic fragility between n
blood cells can vary[25]-[98].

.2 Mechanical forces (mechanically-induced haemolysis)

d dynamic factors such jas blood flow rate, turbulence and non-physiological shear
rm the erythrocyte tnembrane and potentially cause membrane rupture. The latter can

ices are
apheresis and cell separation systems,

arterialblood filters[11][36]

[, very few
vill review

)d material
s is also a

- when two
ccurs when
Ivent, such

rater. Such a pressure differential cancause erythrocyte swelling and cell membrane rupture with

hammalian

forces can
potentially

xacerbated by devices with mechanical operation and/or complicated flow paths. Examples of such

btood pumps[29][30][124][157],

cardiopulmonary bypass systems[5][10][11][13][37][41],
cardiotomy/venous reservoir systems/[10][11],
circulatory support devices[2],

haemodialysis systems[16][28][41],

mechanical heart valvesl2], and

ventricular-assist devices[236][237],
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D.2.3 Biochemical factors (material-induced haemolysis)

Changes to membrane structure on a molecular level can modify the strength and elastic properties of
the erythrocyte membrane. A deficiency of nutritional factors or metabolic energy (ATP) can result in
loss of the discoid shape and microvesiculation of haemoglobin. Other chemicals, e.g. extractables from
a medical device, bacterial toxins, pH and metabolic changes induced by temperature, can compromise
the erythrocyte membranel25]. These changes can cause membrane rupture at lower than expected
osmotic pressures. A test to determine the pressure at which an erythrocyte membrane ruptures
(osmotic fragility) can be carried out.

D.3 Clinlical significance of haemolysis

D.3.1 Tokic effects

Elevated leels of plasma-free haemoglobin can induce toxic effects or initiate processeswhich can stress
the kidney$ or other organs[175]. The plasma-free haemoglobin concentration is a congenient measuile of
injury to erfythrocytes, but it is an indirect indicator of damage to other blood elements as well.

D.3.2 Thlrombosis and anaemia
Ul

Intravascular haemolysis can promote thrombosis by a cascade of eventstinvolving liberated RBC ADP
and phospholipids[106] causing platelet activation and degranulationof prothrombotic agents. Wihen
haemolysig causes a clinically significant drop in erythrocyte countjanaemia and compromised oxygen-
carrying capacity with its subsequent effects on the brain and otheér organs or tissues can result.

D.4 Determining a pass/fail assessment for haemolysis

Haemolysis is a function of exposure time and mateérial properties such as surface energy, surface
morphology and surface chemistry. Haemolysis is@lso a function of shear stress, cell-wall interactfion,
character ¢f adsorbed protein layers, flow stability, air entrainment and variations of blood soufrce,
age and chlemistry[108][112][113]. These variables need to be adequately controlled for comparisons of
haemolytid potential among materials and.ihedical devices. The spectrum of methods for evaluafing
haemolysig varies from simplified to highly complicated models. Specific in vitro and in vivo models With
flowing blpod have been published. Studies of haemolytic potential are relative comparisons agajnst
materials ¢r medical devices testéd,in the same model by a specific laboratory rather than abso]ute
measures. [n vitro test methods-aye able to quantify small levels of plasma haemoglobin which may|not
be measurpble under in vivo.¢enditions (e.g. due to binding of plasma haemoglobin to haptoglobin pnd
rapid remdval from the body)." Measurement of lactate dehydrogenase and haptoglobin, as indicatoys of
haemolysig in an in vivotest setting, may be applicable.

Itis not pogsible to define a universal level for acceptable and unacceptable amounts of haemolysis fof all
medical dejvices and applications. The effect of a device on haemolysis can be masked in the short-term
by the traymacof the surgical procedure. A device can cause a substantial amount of haemolysis,|but
be the only treatment available in a life-threatening situation. Intuitively, a blood-compatible matdrial
is non-haemoly P y devices cause haemolysis, enerit outweligns the
risk associated Wlth the haemoly51s Therefore, when a device causes haemolysis, it is important to
confirm that the device provides a clinical benefit and that the haemolysis is within acceptable limits
clinically. Acceptance criteria may be justified based on some form of risk and benefit assessment. The
following questions are suggestions for developing such an assessment:

— What is the duration of exposure of the device to the patient?

— How much haemolysis does the material or device cause? Does the haemolysis continue for the entire
time the device is exposed to the patient? Does haemolysis continue after removal of the device?

— What are the relative risks and benefits of other available methods for treating the condition?
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— What are the haemolytic properties of these known treatments? How does the device in question

compare to these other treatments?

How effective is the test device compared with other forms of treatment? A more effec
can cause more haemolysis during use but the additional effectiveness might increase th
the patient.

D.5 Haemolysis testing — General considerations

D.5.1 Methods

tive device
e benefit to

D.5|1.1 General

Hadmolysis of red blood cells (erythrocytes) is assessed using in vitro tests. Direct miethods
haemolysis due to physical and chemical interactions with erythrocytes. Indirect methods
haemolysis due to extractables from test articles. Reference [17] is one standard that is

determine
determine
bpecific for

testling the haemolytic properties of materials (mainly due to chemical factors)’and, dependinig on device

sizg and complexity, it may not be sufficient for testing whole intact médical devices. Refer
[22] and [28] are examples of methodologies specifically developed-far haemolysis testing
deviices and their component materials. Reference [20] was develaped to assess haemoly

ences [17],
of medical
sis caused
rocytes in
which has
able at the

begiinning of the test, i.e. (free haemoglobin concentrationy/total haemoglobin concentration) x 100 %.

If a]l of the erythrocytes present at the beginning of.the experiment are destroyed, ther
haemolysis.

In dddition to material testing of devices, dynamic testing of whole medical devices under

confditions to evaluate the effects of the device structure, mechano-physical interactions of
materials, range of clinically relevant use‘eonditions (e.g. blood flow rate, rpm, pressure
timg), intended use and haemodynamic-factors on haemolysis should be considered. For ma
haemolysis caused by hydrodynamieforces and dynamic interaction with surfaces exceeds {
by the chemical effects of the material. To appropriately simulate the clinical use condit
haematocrit and other factors should be accounted for during the dynamic haemolysis testin

b is 100 %

clinical use
blood with
, exposure
ny devices,
hat caused
ons, blood
p[30][37][41]
conducted
at provide
[124].

emoglobin

dl in vivo,
mg/dl. For
fentrations

TION — Some common haemolysis assays suggest a cut-off level for material-induced

haemolysis below which there is no/low risk of concern based on historically accepte

d but non-

validated values[14]1[17][28]. However, higher acceptable levels of material-induced haemolysis

may be justified based on a suitable risk/benefit analysis.

Researchers should be aware that haemolysis tests may be adversely affected by chemicals

in medical

materials or solutions which may alter erythrocyte fragility (e.g. certain buffers and fixatives, such as

formaldehyde or glutaraldehyde), cause haemoglobin to precipitate (e.g. by copper or zinc io
the absorption spectra of haemoglobin (e.g. by polyethylene glycol or ethanol)[115][170],
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D.5.1.2 Total blood haemoglobin concentration measurements

Classically, the analytical methods outlined in D.5.1.2.1 and D.5.1.2.2 have been used to determine
total blood haemoglobin (Hb) concentrations[106]. Total blood haemoglobin concentration can also be
measured using calibrated complete blood cell counters and haemoglobinometers.

D.5.1.2.1

Cyanmethaemoglobin method

The first classical method, cyanmethaemoglobin detection, was issued by the International Committee

for Standardization in Haematology[
hastheadva

(HiCN). T
which has b
in additio
false abso
spectral i
HiCN stang

The broad
as well as
the HiCN 1
The major
are thems¢
Disposal of

D.5.1.2.2

The secon
determinir
acid or by ¢
measured

D.5.1.3 Plasma or supernatant haemoglobin concentration measurements

The follow
concentrat

D.5.1.3.1

Due to ma
standard s

method is based on the ox1dat10n of Hb and subsequent formatlon of haemogloblncya
broad absorption maximum at 540 nm. Lysing agents such as detergents are used wh
to releasing Hb from the erythrocyte, decrease the turbidity (a source of interferenc
bance at 540 nm) from protein precipitation. For the total haemoglobin concentration,
erference due to plasma is minimal and the sample absorbance can be compared with
ard solution directly.

absorption band of HiCN in this region enables the use of simple (ilter type photome
narrow band spectrophotometers for either manual or automated detection. The us

disadvantage is the potential health risk in using the cyanide solutions. Cyano reagg
lves toxic by various routes of exposure, and additionally, release HCN upon acidificaf]
reagents and products has also become a considerable cencern and expense.

Iron method

d classical method for determining the total haemoglobin concentration is based
g the haemoglobin iron concentration in selition. Iron is first separated from Hb, usuall
shing. It is then titrated with TiCl3 or complexed with a reagent to develop colour that ca
pbhotometrically. This method is too cotiplex for routine work and is rarely used.

fing two methods have _been used to measure plasma or supernatant haemogl
ons.

Direct optical and’added chemical techniques

hy different factors (e.g. tradition, ease of use, disposal of waste chemicals, availabilit
blutions), there have been a host of different assays used for measuring plasma haemogl

as an indic

ptor of haemolysis, with no one method being widely accepted. The assays can be classi

121] The cyanmethaemoglobln (hemlgloblncyamde H1CN) analysis

hide
ich,
b as
the
the

ters
b of

eference standard provides comparability among all laboratories employing this method.

bnts
ion.

on
U by
N be

bin

y of
bin
fied

into two broad categories: those which are direct optical techniques (i.e. based on quantifying|the

oxyhaemoglobind@bsorbance peak at 415 nm, 541 nm or 577 nm, directly or through use of deriva

All of the assays can be performed manually or can be

or the formatlon of cyanmethaemoglobln)
automated.

A popular method for determining the concentration of haemoglobin is based on its catalytic effect on
the oxidation of a benzidine derivative, such as tetramethylbenzidene, by hydrogen peroxide. The rate
of formation of a coloured product (photometrically detected at 600 nm) is directly proportional to
the haemoglobin concentration. The advantages of this method are ease of automation (commercial
equipment), elimination of potentially toxic and environmentally unsafe cyano reagents and the
availability of Hb standard sets which are calibrated against the HiCN primary reference standards.
The detection limits of the assay (as low as 5,0 mg/dl) are comparable with the haemoglobin cyanide
method[106]. The major disadvantages are that there is still a potential health risk in using benzidine
dyes and an expense associated with disposal of reagents and products. Moreover, the reported
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dynamic range of this method is low (5 mg/dl to 50 mg/dl)[116] and possible reaction inhibition (by as
much as 40 %)[117] may occur from calcium-chelating anticoagulants (e.g. citrates, oxalates, EDTA)[116],
albumin[104] or other non-specific plasma components[106] which may interfere with H20, oxidation.

For these reasons, direct optical methods, such as those by References [102], [105] or [118] with
comparable sensitivity and reproducibility may be substituted. However, as noted above, chemically
induced alterations to haemoglobin and its spectra can occur which may invalidate some of the
haemoglobin assays. Moreover, compensation needs to be made for endogenous plasma background
interference, since it can also alter the haemoglobin spectrall09]. The analyst should be aware of these
limitations in the plasma haemoglobin assays and ascertain whether they are using an appropriate
techni 1041][109][115][170 is i i

prefipitate and comparing its optical spectra (e.g. 400 nm to 700 nm) to that of isolated oxyha

D.5|{1.3.2 Immunonephelometric method

F means of
There is a

Thg immunonephelometric method is based on determination of plasma haeméglobin by
nephelometry using a commercially available antibody. This method is foriroutine work.
goold correlation and comparability to the optical techniques[107].,

D.5

2 Blood and blood component preservation

Thi
con
mat
the
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Ant
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citr
and
ofte
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stoy
dipl
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of membrane flexibility and certain membrane transport functions. Conversion of ATP to Al

the
red
ion
red
and
and

5 subclause presents the best demonstrated practices for the preservation of hu
ponents by the American Association of Blood Banks[29l.4nd the Council of Europel[101],
erials and devices should be tested using blood whose chemical condition mimics
device would experience clinically, e.g. proper choice of anticoagulant, minimal us
servatives and appropriate blood pHI[L51]-[156],

icoagulant solutions have been developed for.use in blood collection that prevent coag
it storage of erythrocytes for a certain intéval of time. These solutions all contain sodi
ic acid and glucose; additionally, some tontain adenine, guanosine, mannitol, sucrof

or phosphate, among others[151]-[156} Although heparin is not used for blood preser}
n used for anticoagulation clinically-with patients exposed to medical devices.

pd clotting is prevented by citrate binding of calcium. Erythrocytes metabolize gluc
age. Two molecules of adenoSineé triphosphate (ATP) are generated by phosphorylation o
hosphate (ADP) for each glucose molecule metabolized via the Embden-Myerhoff-Parnas
olysis cycle. The ATP molecules support the energy requirements of the erythrocyte in m

energy necessary\to/support these functions. In order to prolong storage time, alkalinit)
iced by additipnf citric acid to the anticoagulant solution. This provides a suitably hig
concentratign_at the beginning of erythrocyte storage at 4 °C. Increasing acidity duri
ices the rate-of glycolysis. The adenosine nucleotides (ATP, ADP, AMP) are depleted dur
the addition of adenosine to the anticoagulant solution permits synthesis of replacemen
ATP:

A considerable portion of glucose and adenine is removed with plasma when erythrocyte cd

man blood
In general,
that which
e of blood

lation and

m citrate,
e, sorbitol
ration, it is

pse during
Fadenosine

anaerobic
hintenance
DP releases
y should be
1 hydrogen
ng storage
ng storage
I AMP, ADP

ncentrates

are prepared. Sufficient viability of the erythrocytes can only be maintained after removal of plasma
if the cells are not over-concentrated. Normal citrate phosphate dextrose (CPD)-adenine erythrocyte
concentrates should not have an erythrocyte volume fraction greater than 0,80. Even if more than
90 % of the plasma is removed, erythrocyte viability can be maintained by addition of an additive or
suspension medium. Sodium chloride, adenine and glucose are necessary for viability while mannitol
or sucrose can be used to further stabilize the cell membrane and prevent haemolysis[29].

The suitability of containers for the storage of blood products is evaluated by various methods that
measure the quality of the blood product[103][106], The container with blood product containing an
appropriate anticoagulant is stored upright at 1 °C to 6 °C under static conditions. At predetermined
intervals, the amount of cell-free plasma haemoglobin is measured to assess the viability and quality
of the stored product. The quality of the stored product can be enhanced by gentle mixing once a week.
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Evaluation of storage in the container indirectly evaluates the permeability of the container to waste
carbon dioxide from erythrocyte metabolism in the absence of other confounding factors.

D.5.3 Protection of employees handling blood

Written procedures are necessary for protection of employees receiving, handling and working with
potentially contaminated human blood. Potentially contaminated materials include blood and other
body fluids and products, equipment which has been or may have been in contact with blood or other
body fluids and materials used in the culturing of organisms causing blood-borne infections[114],

D.5.4 Tood collection (phlebotomy)

While it i not possible to guarantee 100 % sterility of the skin surface for phlebotomyf a strict,
standardized procedure for preparation of the phlebotomy area should exist. It is especially ihportant
to allow tHe antiseptic solution to dry on the skin surface prior to venipuncture and ghat no further
contact is inade with the skin surface before the phlebotomy needle has been inserted(29}.

A closed cgntainer system (i.e. one that does not contain room air) is preferred\for blood collection
for the prdvention of microbial contamination. Needle punctures in the rubber seal of the specifen
vial should/be completely closed after withdrawal of the needles, otherwise the’partial vacuum cregted
following dooling can draw in contaminated air[29].

NOTE se of a vacuum tube has the potential to cause slight haemolysig§[125][126][127],

Blood colldcted in an open system can be contaminated by exposure to room air and is not considgred
sterile. Midrobial contamination is a known cause of haemolysis.

D.5.5 Species selection

Ideally, hagmolysis testing should be done with human erythrocytes. However, several factors can mjake
such a choilce difficult or impossible. In some countries, human blood supplies are limited and should be
reserved fdqr human transfusion. Health criteriafer human and animal donors should also be considefed.
All blood Has a limited “shelf life” and it may~be more difficult to obtain human blood cells on a timely
basis. If anfimal erythrocytes are used, atténtion should be paid to ensure 100 % haemolysis to obtain
total haemloglobin content due to diffetences in membrane stability among animal species. Negaftive
controls should cause minimal haemplysis so that the activity of the test material is not masked.
Rabbit and human erythrocytes are reported to have similar haemolytic properties whereas morkey
erythrocytes are more sensitivé and guinea pig erythrocytes are less sensitive[23][26][97][98][123],

D.5.6 HBvaluation of haemolysis — In vitro, ex vivo and in vivo exposure to blood or blood
componerts

Haemolysi$ can bé evaluated by exposure of materials or devices under in vitro, in vivo and ex pivo
conditions] In yitro conditions are used to evaluate materials as well as devices. Ex vivo and in pivo
conditions|are used to evaluate devices which may contain more than one material.

In vivo and ex vivo assessments in animal models or during clinical trials are possible. Justification can
be made for either of the following study designs. In the first case, the test device is compared with
reference control marketed devices with known acceptable levels of haemolysis. In the second case, the
test subject is evaluated for clinically significant consequences of haemolysis.

The purpose of in vivo or ex vivo tests is to characterize the haemolytic potential of a medical device. The
preliminary studies may be in vitro and may use fresh or outdated human blood or blood from a non-
human species. For medical devices indicated for ex vivo use, the general practice is to recirculate blood
through the device using conditions that simulate the most clinically relevant and intended worse-case
(e.g. highest blood flow rate) clinical usage. These investigations are followed by ex vivo simulations in
an animal model for some medical devices or by limited, controlled studies in humans. The size of the
medical device and the intended function influence the design of these studies.
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D.5.7 Direct contact versus indirect methods

Extraction conditions to be used are outlined in ISO 10993-12. Some test methods call for direct contact
of the device with erythrocytes, while other methods describe the preparation of an extract which is
then exposed to erythrocytes. Test selection should be based upon the device itself and the conditions in
which it will be used. Extraction conditions to be considered when elevated temperatures are used are
outlined in ISO 10993-12.
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Annex E
(informative)

Complement — Methods for testing
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E.1 Back ation
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Compleme

ht activation has been implicated in certain adverse reactions during clinical extracerpo

therapies, in particular in haemodialysis[129][130][131][132] and cardiopulmonary bypass appli¢dtions
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6]. These therapies notably involve devices with high blood contact surfacetareas
hort contact times. Complement activation occurs usually in the early stage’ shortly

hcts the device material surface; it has yet to be seen to continue for a longer period.

is recognized to start with blood contact with the device material(s)and the deposi
1s plasma proteins, including the critical complement proteins C3 and C3b. The contag
fic proteins leads to the alternative pathway formation of the crucial C3 and C5 conver
C3beBb, C3beC3beBb, respectively; see Figure B.2). The C5 convertase protein cataly
be of C5 resulting in C5a and C5b generation. The C5a pfot€in is a recognized effe
-mediated neutrophil and monocyte activation and the{C5b fragment is the recogn

initial co

lement component that leads to formation of the complement membrane attach com

133]
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(MAC) whilch binds to and activates and/or destroys bystander.cells by causing lysis. WBCs can de
material siyrface-bound C3 and C4 fragments, which results in their subsequent surface adhesion
activation.|Neutrophil and monocyte activation, MAC formiation and activity, and WBC adhesion pnd
activation jon materials account for the archetypical pathophysiology seen clinically in high surface
area devic¢ applications[136]. Importantly, Reference {138] have shown the critical role of the fragnient
C5a in mediating many of these adverse reactions..Here, dose-dependent responses identical to tHose
seen under actual dialysis were observed in simiutlated haemodialysis and infusion of purified {5a.
Continued work in this field has shown that materials whose surfaces are highly nucleophilic (hydrojxyl-
and aminefcontaining) present the highest complement activating potential and that various surface
modificatipns that reduce this type of surface chemistry greatly nullify the classic clinical sequglae.
This work [is supported by other investigators studying the relationship of complement activation by

medical de

Fortunatel

vice materials and the biological responsel136][137],

y, the discovery of hydroxyl- and amine-containing blood-contact materials as the sourc

complement activation led to.development of new materials that eliminated or masked these gro

This mate}l
contact ap
driven suc

ial modification-greatly reduced complement activation in the larger surface area/a
blications. This-attention to complement activation in these large device areas however

and impla
events hav|

h testingto/become more common on all devices regardless of blood-contact surface 4
it duration. To date, no scientific papers or clinical reports of complement-related adve

e of
1ps.
ute
has
rea
brse

beetridentified by this Working Group in other device applications, i.e. all medium to s

nall

surface-ar¢a dev1ces Thus approprlate references that llnk device-associated complement actlva ion
to adverse leven ;

may be noteworthy that ClaSSIC anaphylactlc reactions have occurred in association w1th use of medical
devices. Here, however, this reaction has been generally attributed to an agent being delivered, rather
than to a device or device materiall139]-[142]. Some false associations of complement activation to the
devices involved may have arisen from such reports[143].

As in assessing coagulation, thrombosis and platelet activation, a number of molecular biology tools
(e.g. ELISA assays) exist to monitor the levels of complement pathway activation in blood. Example
complement proteins for which commercially-available ELISA kits are available include but are not
limited to C3a, C5a and SC5b9. Despite the strong link of complement-mediated pathophysiology to
the C5a fragment, classic complement testing has focused on assessing C3a and SC5b9 complex. In
conjunction with these tools, methods exist to assess related responses such as WBC adhesion (using
SEM) and WBC activation, for example, using bioassays for PMN elastase release.
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E.2 Complement activation tests and documentation (suggested to consider in
reporting complement test results for scientific or regulatory purposes)

The general methods and documentation used in complement testing using ELISA assays are
described in B.4.

Like other biological reactions, such as coagulation protein formation, complement formation generally
exhibits an initiation, propagation and termination phasel26][57][137], This reflects the initial C3 and C5
convertase formation reactions, cascade/feedback amplification and a slowdown/deactivation period
where crltlcal precursors may be consumed or the active proteins lose act1v1ty due to short half-life or

effe

plement protelns are to be expected over tlme Consequently, the phase of the complem nt cascade
lood at the time the material/device-blood contact actually occurs is an important\factor. That is,
impact of test materials when mixed with blood may be quite different at each phase. In addition,
fomplement activation is generally proportional to blood-contacting surfacevarea, syrface area

of a device or device material can be very influential on results. For thismeason, the JA-to-blood
ole, plasma or serum) volume ratio (exposure ratio) should be specified-in each study. [If possible,
exposure ratio may be treated as a variable to aid in understanding the specificity of the material
ct. Exposure ratios of 3,0 cm? to 6,0 cm2/ml blood (based on devicé thickness) are consfistent with

ISO
hig

NOTE
of the test system, e.g. a test tube, and the target exposure ratio,

E.3

A 1
con
metf

a)

10993-12. Other exposure ratios such as 1,5 and 2,0 times this ratio may be worth conkidering as
er surface areas will theoretically increase the sensitivity of the'\response to the test material.

There will be a physical limitation on the amount of testdnaterial that can be tested due td the volume
Complement activation tests method considerations

hat use of
laboratory

eview of multiple test laboratory complement testing methodologies has shown t
mercially available test kits is common. However, a number of inconsistencies between
hods were observed. These were the following.

Blood preparation and anticeagulation use: the blood used for test material exposure
varied considerably between lahoratories. For example, special commercially available human

serum, fresh and frozen citrated human plasma, fresh human serum and directl
fresh heparinized whole liuman blood were used. The impact of these various prepa
complement results has net been evaluated, with the exception of use of EDTA as ant
For the latter, it is generally well known that complement activation through the classic
is calcium-dependentand through the alternative pathway is magnesium-dependent. I

y exposed
rations on
coagulant.
h] pathway
hus, use of

potent calcium/magnesium chelators such as EDTA will bind up available calcium and fagnesium

and shut off complement activation, making most measurements using these anticoagul
in close tobdckground levels of complement proteins.

With the“above said, there is no standard blood or blood preparation currently ide
use in~complement testing. However, when serum is used, serum should be functior

ants result

ntified for
ally intact
5 used, the

and retain the capacity of showing complement activation. If whole blood or plasma i
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complement activation caused by the test device itself.

potentiate

b) Ratio of test article surface area to blood (whole, plasma or serum) volume: some laboratories

‘)
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specify following ISO 10993-12 ratios where the blood (whole, plasma or serum) volume is used in
place of the extract fluid. Some laboratories do not specify a ratio and/or a variable ratio is used.
As complement activation is influenced by surface area (SA), standardized and reported SAs are
important to inter- and intralaboratory interpretation of results.

Use of controls: use of a negative biomaterial control, such as polypropylene, and a positive
biomaterial control, such as latex or cellulose acetate, was somewhat consistent; use of a liquid
negative control, such as saline, and a positive liquid control, such as cobra venom factor, was
inconsistent; use of negative and positive controls provided in the commercially available kits was
fairly consistent.
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d)

f)

g)

h)

Complement activation on blood-contacting medical devices is recognized to be a surface
phenomenon. As such, testing with a device extract is not appropriate. Rather, complement testing
on devices or materials should always be conducted using a [blood or blood-constituent] direct-
contact method. A negative control material like polyethylene (PE) should be included in the
assay along with a positive control material such as non-modified cellulose, e.g. Cuprophan?) (if
available). Correspondingly, the use of a liquid negative control like saline is not an appropriate
negative control for medical device complement activation testing. On the other hand, a potent
liquid complement activator such as cobra venom factor may be used to demonstrate that the test
system is working at specified conditions.

Standag eparation/dilutions: laboratorie ed different dilutions of the
to gengrate a standard curve that captured most levels of test and control samples. For example,

imporfant factor here is that all samples ultimately lie between the low and high values on
standqrd curve.

Incubation period for test articles and controls: incubation periods varied betweéen laboratofies,
with laboratories reporting use of 60 min, 90 min or 30 min and 60 min and-90 min incubation
periodss.

Incubation time following addition of chromogenic substrate: 15 min to 30 min incubatjons
periodjs were reported.

Test sample evaluation: the method of assessing whether a‘tést material gave a positiv¢ or
negatiye result was inconsistent between laboratories. Most laboratories made a statisfical
compalrison of test sample results to positive and negative biomaterial and/or liquid conttols.
Some |aboratories included a comparison with historical values, results on a predicate deyice
and/oxf a special mathematical formula involving negative and positive controls as part of the fiinal
assessment.

There are no established pass/fail criteria for a clinically acceptable level of complement activation.
Inclusion of a legally marketed comparator deviceifr the complement activation testing would be helpful
for data inferpretation. The comparator device data could be used to evaluate the clinical relevande of

the test device data.

If the comparator device is not legally\marketed in the regulatory region where the device wil| be
submitted [for marketing, regional regulatory authorities may request comparator testing for a deyice

already legdally marketed in that region.

2)

Cuprophan is an example of a suitable product available commercially. This information is given for the

convenience of users of this document and does not constitute and endorsement by ISO of this product.
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Annex F
(informative)

Less common laboratory tests

General
Fenerat

Thi
dev|
reg
tha
bioll
Anr
tha

F.2

5 annex and Table F.1 describe tests that have been used primarily in research
ice/material interaction with blood. These tests have not, however, seen widespré
Ilatory device submissions. The tests mentioned here are for informational purp6se with
they may not be standardized nor correlated for clinical relevance. As a medical device
ogical evaluation strategy should focus on the most meaningful and widély accepted
lex B), caution is advised in including any Annex F methods in device submissions. Labor
are clearly not recommended can be found in Annex G.

Table F.1 — Less common tests used to assess interactions with blood

Tests by categories2

Thrombosis

Flow reduction, gravimetric analysis, pressure drop
across device, adsorbed protein analysis, imaging
techniques

In vitro thromobosis

Coagulation

thrombin;generation assay using chromogenic
substrates, fibrinogen and fibrin degradation products
(FDP), D-dimer

Platelets

platelet adhesion assessments, flow cytometry
analysis of platelet activation, platelet microparticle
formation, gamma imaging of radiolabelled platelets,
platelet aggregometry

Haematology

Leucocyte activation by flow cytometry, blood cell
adhesion assessments, platelet-leucoyte complexes
(PLCs)

Complement system

Bb, C3bBb, C5a

a  Bécause of biological variability and technical limitations, the accuracy and predictivity
of miany of these tests, which are most commonly used for research purposes, requires
careful attention to methodology and caution in interpretation of results.

Thrombosis

to assess
bad use in
the caveat
preclinical
tests (see
atory tests

F.2.1 Flow reduction

Flow (rate or volume) is measured after a period of use. Measurements may be performed either during
use or before and after use. Rationale and interpretation are the same as for B.2.1.

F.2.2 Gravimetric analysis (thrombus mass)

This is conducted after removal of the device from the in-use position. Rationale and interpretation are
as described in B.2.1. Here, the difference in weight between the pre-implant weight of the device and
the weight immediately post-implant may reflect the amount of thrombus present. An important caveat
is that all tissue present may not be thrombus.
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F.2.3 Pressure drop across device

This is measured before and after a period of use.

F.2.4 Adsorbed protein analysis (via antibody binding)

The protein adsorption onto test materials or devices that occurs after contact with blood, e.g. the
first layer or the surface layer upon reaching equilibrium, is thought to potentially impact device
performance and/or clinical outcome. Next to qualitative microscopic judgement of fibrin and platelet
deposition on materials, a quantitative estimation of surface protein is possible by measuring the

amount of

For

this purpo
blood com
binding for
of adsorbe

F2.5 Im
ultrasour

Choices ca
other cond

F.3 Coa

F3.1 Thrombin generation assay using chromogenic substrates

Materials
thrombin

F.3.2 Fil

Normal p

h|
plasma. Tié normally low level of FDPs is maintained by the low rate of the degradation reaction

the high r
aresult of
mainly use
isrecomm

Dysfibrino
resultsl43],

FE3.3 D-

An elevate
digested d

ahelled antibody specific for proteins such as fibrinogen or platelet membrane receptors
5e, materials are first washed after exposure to blood to remove non-adherent proteifis
bonents. The surfaces or extracts of the surfaces are then combined with labelled@antib
qualitative or quantitative analysis. Additionally, it is possible to measure the total amg
H protein directly without using antibodies[164][181][182][183],

aging techniques — Angiography, intravascular ultrasound, Doppler
d, CT and MRI

pit and to detect thrombus deposition on devices during their ipvivo performance.

pulation

bxposed to an intact coagulation system in the presence of phospholipids will gene
Vhich can be measured by conversion of a chromogenic substratel61][62][63],

Jrinogen and fibrin degradation preducts (FDP)

siological fibrinolysis yields the'FDPs X, Y, C, D and E in concentrations below 2 mg/nf

e of clearance of FDPs from the circulation. Pathologic degradation of fibrin and fibrino
ncreased plasminogen activation, yields FDP of 2 mg/ml to 40 mg/ml or morelé4]. The te
ful for evaluating implantdevices. The use of commercially available methods such as EIL
ended.

benaemia, afibrimogenaemia and hypofibrinogenaemia cause prolonged PT, PTT and

Himer

[ level of D-dimer indicates activation of the coagulation mechanism. D-dimers are plas

and
ody
unt

h be made among these methods to determine patency or degree.afnarrowing of a grafit or

rate

1 of
and
ben,
5t is
ISA

TT

min

pgradation products of FXIII cross-linked fibrin (coagulation and fibrinolysis). The us

e of

ELISA and/or RIA assay is recommended for quantifying such proteinsl[o2][66].

F.4 Platelets

F.4.1 Platelet adhesion assessments

Blood cell adhesionl167] is a measure of the blood compatibility of a material when considered in
conjunction with distal embolization or evidence of activation of one or more haematological factors.

Various methods have been designed to measure the adhesion of cells to surfaces, for example the
Kunicki K-scorelZ5]. Most of these methods are based on the observation that a certain proportion of
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platelets are removed from normal whole blood as a result of passage through a column of glass beads
under controlled conditions of flow or pressure.

An alternative method is the direct counting of platelets adherent to a test surface. Following exposure
to blood or platelet-rich plasma under standardized conditions, the test surface is rinsed to remove
non-adherent cells, fixed and prepared for either light or scanning electron microscopy. The number
of adherent platelets per unit area is directly counted and their morphology (e.g. amount of spreading,
degree of aggregate formation) is recorded. Alternatively, platelets pre-labelled with 51Cr or 111In
may be used[Z0][71][73], An alternative non-isotope method, the LDH and the acid phosphatase methods,
which assess enzyme activity in the bulk after lysis of adhered platelets, has also been reported as a
useful tool to assess platelets on surfaces[83][84]

F4{2 Flow cytometry analysis of platelet activation

Thd
mal
acti

use of certain materials or devices may cause platelet activation and the expression of
kers at the platelet surface or the generation of platelet micro-particles(tZ3]. Plate
vation markers have been evaluated by flow cytometry for P-selectin (GMP-140) exj

activation
et surface
ression or

acti
acti
(i-e

vated glycoprotein Ib and IIB/Illa expression using monoclonal antibodies. Different
vated platelets are recognized by flow cytometry using two antibgdjes: one specific fi
GP Ib or GP IIb/IlIa) and one specific for platelet activation (P-Seléetin)[69].

bpitopes of
br platelets

F4{3 Gamma imaging of radiolabelled platelets

Thg high gamma emission of 111In enables it to be used_ for this purposel46][47][50][72]. This method
enaples the localization and quantification of platelets deposited on a device. The technique is useful for
ext¢rnal communicating as well as implant devices.

F4{4 Platelet aggregometry

Plaflelet aggregation[Z4] is induced by adding-aggregating agents (e.g. ADP, epinephrine, c(
thr¢mbin) to platelet-rich plasma (PRP) thdtis being stirred continually. As the platelets agg
plagma becomes progressively clearer. Anroptical system (platelet aggregometer) is used ta
chapge in light transmission and a recorder graphically displays the variations in light tr
from the baseline setting. Delayed orTeduced platelet aggregation can be caused by platelef
and release of granular contents, increased FDP or certain drugs (e.g. aspirin, nonst
inflammatory drugs). It is important to bear in mind that platelet aggregation using some ag
or may be absent in some ahimal species. Spontaneous platelet aggregation, occurring in the
added agonists, is an abfiormal condition indicating activation of platelets. Platelet aggregat
be dcreened by the WUZHOAK methodI[Z2].

llagen and
regate, the
detect the
hinsmission
activation
briod anti-
ents varies
absence of
es can also

F.5| Haematology

F.5{1 Leucocyte state and morphology

Change in leukocyte state of activation can be determined by flow cytometry for the |evaluation
of increased leukocyte markers, such as L-selectin and CD 11b, and by quantitative disturbances in
lymphocyte subpopulations. It is also possible to assess leukocyte activation through evaluation of
morphological changes leukocytes undergo when activated on a medical device surface. This is usually
performed via SEMI173],

F.5.2 Blood cell adhesion assessments

Blood cell adhesionl167] is a measure of the blood compatibility of a material when considered in
conjunction with distal embolization or evidence of activation of one or more haematological factors.
By such a method, it has been reported[167] that adhesion of canine species peripheral lymphocytes and
PMNs to beads coated with poly(hydroxyethyl methacrylate) (PHEMA) is lower than to beads coated
with polystyrene and certain other polymers. Isolated lymphocytes and PMNs were used in this study.
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F.5.3 Platelet leucocyte complexes (PLCs)

PLCs can be measured by flow cytometry and may be an indicator of white blood cell and platelet
activation following exposure to medical devices and materials[853].

F.6 Complement system

F.6.1 Complement activation assessment of Bb, C3bBb and C5a

Of these three complement proteins, the C5a fragment is considered one of the most critical complement
factors in lood-contacting device-related complement activation[145]. However, routine testing for|C5a
is not requjired given the low sensitivity of commercially available ELISA Kits for in vitro assessmernt of
this proteip.
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Annex G
(informative)

Tests which are not recommended

G.1—General

The tests described in Table G.1 and below are tests that are generally not usedcer afcepted by
reghlatory authorities as part of a preclinical assessment of a blood-contacting medical device safety
evaluation. These tests are considered either outdated or of insufficient/not applicable scieftific merit
for such evaluations.

<

Table G.1 — Tests not used in preclinical assessment of medical device safet

Tests by categories

In vitro haemocompatibility

Coagulation APTT,PTand TT

Platelets template bleeding timg, platelet lifespan (survival)
Haematology reticulocyte count

Complement system CH-50, C3 convertase, C5 convertase

G.Z Coagulation

G.2l1 Activated partial thromboplastin time (APTT), prothrombin time (PT) and
thrpmbin time (TT)

These tests generally measure.coagulation disorders normally associated with abnormal levels of
patient clotting factors.

Parfial thromboplastin reagents using various activating substances, such as kaolin or|celite, are
conpmercially available.\Using these reagents, the test is called the activated partial thromboplastin
timp (APTT). The APTT is rarely useful in the in vitro evaluation of the thrombogenic prpperties of
blogd-contacting deyvices/materials because the activating substances mask any activation caused by
the|device or its‘¢component materials.

Thdy are notiin general used in the assessment of medical devices and/or materials that confact blood.

G.3 “Platelets

G.3.1 Template bleeding time

The commercial availability of a sterile disposable device for producing a skin incision of standard
depth and length under standard conditions has significantly improved the reproducibility and value
of this testl6Z]. A prolonged result indicates reduced platelet function or reduced platelet count; the
latter can be determined separately. A prolonged bleeding time combined with a normal platelet count
has been observed in association with some external communicating devices with limited exposure
(e.g. cardiopulmonary bypass)[158]. The test is suitable for use with some experimental animals. In
vitro bleeding time measurements are also suitable. This test is not used in the assessment of medical
devices and/or materials that contact blood.
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G.3.2 Platelet lifespan

The high gamma emission of 111In platelets are obtained from the patient’s blood and are labelled with
51Cr or 111Inl[46][15][72][148], Both these agents label platelets of all ages present in the sample, do not
elute excessively from the platelets and are not taken up by other cells or reused during thrombogenesis.
111In has the advantage of being a high gamma emitter, requiring the labelling of fewer platelets and
enabling surface body counting to assess localized platelet deposition to be combined with the lifespan
study. A reduced platelet lifespan indicates accelerated removal from the circulation by immune,
thrombotic or other processes. This test is not recommended in the non-clinical assessment of medical
devices and/or materials that contact blood.

G.4 Haelmatology
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 reticulocyte count indicates increased production of erythrocytes in the bone marrow.
Fesponse to reduced erythrocyte mass caused by chronic blood loss (bleeding), haemol
echanisms[35][Z7][111], This test is not used in the assessment of medical devices anc
hat contact blood.

iplement system

mplement activation assessment of CH-50, C3 convertase, C5 convertase

in CH-50 is an indicator of total complement consumption. Elevated levels of any of t}k

t components indicate activation of the complement system. Some materials acti

ind be sequestered in the lungs(129][130][132}137],

vels when performed after in vitrotesting. The classical CH-50 method appears useful v
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