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Editorial

Dear Colleagues,

Innovations in Orthopaedics and Traumatology have contributed to the achievement of a high-quality level of care in musculoskeletal
disorders and injuries over the past decades. The applications of new implants as well as diagnostic and therapeutic techniques in addition
to implementation of clinical research, have significantly improved patient outcomes, reduced complication rates and length of hospital
stay in many areas. Further innovations in the fields of artificial intelligence, computer-assisted surgical procedures, augmented-reality-
based applications, 3D-printed implants and instruments, new biomaterials, and smart implants are currently being developed which may
in addition reduce burden of disease and morbidity associated with surgical treatment in the future.

However, the introduction of new treatment techniques, modified strategies or innovative implants must strictly follow rules of proper
evaluation, regulation and training in order to know the results of the initiative, and not to put patients at unnecessary risk.

With the implementation of the new “Medical Device Regulation (MDR)" by the European Parliament, several already existing rules for
the introduction of innovative products and instruments have been tightened, and even new rules have been established. As the approval
process for medical devices in Europe will become more stringent, compared to the Medical Device Directive (MDD) more robust clinical
and pre-clinical data will be required.

The regulatory framework is extensive, but there is a lack of understanding and clarity in daily practice what the meaning of clinical &
pre-clinical evidence as required by the MDR is. Thus, understanding and clarity are of utmost importance for introduction of new implants
and implant-related instrumentation in combination with surgical technique to ensure a safe use of implants and treatment of patients.

Therefore the "EFORT Patient & Implant Safety Initiative” (IPSI), was launched by the European Federation of National Associations of
Orthopaedics and Traumatology (EFORT) with an inaugural workshop on January 21, 2020, in Brussels with participation of a steering group
invited by the EFORT Board. The recommendations IPSI WG1 “Introduction of Innovations” are based on the results of the inaugurational
workshop and a consecutive Delphi consensus process [Overgaard et al. EFORT Open Reviews 2023]. They provide surgeons, researchers,
implant manufacturers as well as patients and health authorities with a consensus of the development, implementation, and dissemination
of innovation in the field of arthroplasty. In dialogue with the EFORT Board the chairs of IPSI WG1 have designated a Scientific Committee
who have put in place a process for a more intensive and detailed 1% EFORT European Consensus Initiative involving EFORT National
Member Societies, European Specialty Societies as well as International Expert Delegates. Due to the ubiquitous and increasing need for
arthroplasty surgery first activities concentrated on the topics of new implants and implant-related instrumentation in this area, where
innovations have fundamental consequences for patients as well as surgeons and manufacturers. Aim of the consensus is also to build a
fundament for quality assured development of innovative therapies and medical devices, which is important for the translation process.

The objectives of the 1t EFORT European Consensus on “Medical & Scientific Research Requirements for the Clinical Introduction of
Artificial Joint Arthroplasty Devices" were foremost to focus on patient & implant safety through performance requirements for medical
devices in this specific field. The intended key outcomes are consented, practical pathways to maintain innovation and optimisation of
orthopaedic products and workflows within the boundaries of MDR 2017/745. Open Access practical guidelines based on adequate, state of
the art pre-clinical and clinical evaluation methodologies for the introduction of joint replacements and implant-related instrumentation
shall provide hands-on orientation for orthopaedic surgeons, research institutes and laboratories, orthopaedic device manufacturers,
Notified Bodies but also for National Institutes and authorities, patient representatives and further stakeholders.
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To achieve this, a number of research questions of importance were defined resulting in practical guidelines. The Conference Chairs &
Scientific Committee members conducted a Delphi methodology asking groups of international expert delegates to answer the assigned research
question(s) based on scientific research (systematic literature reviews), their published extensive expertise and utmost interest [Grupp et al. EFORT
Open Reviews 2023]. The resulting Draft Consensus Statements have been circulated for review among all participants in preparation of the final
discussion and voting at the 1t EFORT European Consensus Conference taking place June 22-23, 2021, in Dresden.

We would like to acknowledge and thank the Scientific Committee members, all International Expert Delegates, the Delegates from
European National & Specialty Societies and the Editorial Team for their outstanding contributions and support during this EFORT European
Consensus and hope that during the development, testing, certification and clinical introduction of innovation in the field of arthroplasty
the following guidelines will contribute to a better understanding and clarity in daily practice. Enjoy reading!

Yours sincerely,

Gl i A

Klaus-Peter Giinther Sgren Overgaard Thomas M. Grupp

EFORT President 2020-21 Chair EFORT Science Committee & Chair EFORT Implant & Patient Safety
EFORT Past-President Chair EFORT Implant & Patient Initiative = Working group |

Initiator EFORT Implant & Patient Safety Initiative - Working group | "Introduction of Innovation”

Safety Initiative (IPSI) Chair 1. EFORT European Consensus Chair 1. EFORT European Consensus
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Results Overview

Topics and results overview of the 1st EFORT European Consensus on "Medical &
Scientific Research Requirements for the Clinical Introduction of Artificial Joint

Arthroplasty Devices”

Biological Safety Determination of Medical Devices Considering Limited, Prolonged, and Long-

term Implantation
R.T. Mayer, D. Bergadano, I. Wiistefeld, M. Bohner

Voting result: 97% | 97% Agree [ 3% Disagree [ 0% Abstain

2 | PRE-CLINICAL METHODS
Pre-Clinical Testing in the Field of Arthroplasty: Potentials, Limitations and Demands Regarding

Test Methodology
L. Cristofolini, .M. Grupp, C. Kaddick, M. Morlock, M.L. Ruspi, D. Janssen

Voting result: 100% | 100% Agree / 0% Disagree / 0% Abstain

3 | INTERFACE COMPATIBILITY / INTERFACE GEOMETRY
Interface Compatibility of Joint Arthroplasty Devices - Geometrical, Dimensional and Functional

Assessment of Implant/Instrument Interfaces
C. Rieker, M. Bernardoni, C. Schilling, M. Woiczinski, J. Bridgens

Voting result: 98% | 98% Agree / 0% Disagree [ 2% Abstain

4 | MECHANICAL COMPONENT TESTING THA (static/dynamic)
Methods in Total Hip Arthroplasty Mechanical Component Testing - Discussing Standard and
Additional Test Protocols for Contemporary Product Development
M. Bernardoni, L. Cristofolini, J.P. Kretzer

Voting result: 93% | 93% Agree / 2% Disagree | 5% Abstain
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5 | MECHANICAL COMPONENT TESTING TKA (static/dynamic)
Part 1
Standard Test Methods in Total Knee Arthroplasty to Establish that the Implant will Withstand
the Endurance Habitual and Peak Loads that Must Reasonably be Expected
C. Kaddick, C. Schilling, D. Janssen, J.P. Kretzer

Voting result: 98% | 98% Agree | 2% Disagree [ 0% Abstain

Part 2

Additional Test Methods in Total Knee Arthroplasty to Establish that the Implant will Withstand
the Endurance Habitual and Peak Loads that Must Reasonably be Expected

C. Kaddick, C. Schilling, D. Janssen

Voting result: 91% | 91% Agree [ 3% Disagree |/ 6% Abstain

Part 3
Additional Numerical Test Methods in Total Knee Arthroplasty to Establish that the Implant will
Withstand the Endurance Habitual and Peak Loads that Must Reasonably be Expected

C. Kaddick, C. Schilling, D. Janssen

Voting result: 95% | 950% Agree / 2.5% Disagree [ 2.5% Abstain

6 | MECHANICAL COMPONENT TESTING (clinical perspective)

Endurance Habitual and Peak Loads in Hip and Knee Arthroplasty -Review and Summary of
Aspects to be Considered
M. Morlock, J.P. Kretzer, R.A. Schierjott, F. Traina, R. Larrainzar-Garijo, G.N. Duda, C. Kaddick

Voting result: 90% | 90% Agree / 3% Disagree [ 7% Abstain

7 | BIOTRIBOLOGY (wear simulation, wear debris and biological response)
Biotribological Methodologies in Wear Simulation and Wear Debris Characterisation in Hip and
Knee Arthroplasty - Review and Introduction of Thresholds for Standard Testing
T. M. Grupp, C. Kaddick, C. Rieker, J.P. Kretzer, J. Fisher

Voting result: 989% | 98% Agree / 0% Disagree | 2% Abstain

8 | BIOTRIBOLOGY (beyond standard testing)

Biotribological Methodologies in Wear Simulation, Evaluation of Wear Debris Release and
Biological Response in Hip and Knee Arthroplasty - Review and Guidance on Additional
Methodologies to Complement Standard Testing

T.M. Grupp, C. Kaddick, C. Rieker, J. P. Kretzer, J. Fisher

Voting result: 95% | 95% Agree [ 0% Disagree | 5% Abstain
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| BIOTRIBOLOGY (clinical perspective)

Methodologies to Evaluate Linear Penetration and Volumetric Wear in Clinical Studies - Imaging
Techniques for the Evaluation Of Articulations in THA, TKA to Assess Wear and Function of the Joint
Throughout the Expected Implant Lifetime

M. Jager, M. Dreischarf, T.M. Grupp, C. Rieker

Voting result: 93% | 93% Agree [ 2% Disagree [ 5% Abstain

| BIOTRIBOLOGY (clinical follow-up)

Detection of Wear/Debris Complications in Total Hip and Knee Arthroplasty at an Early Follow-up
with Regard to Complementary Tests for “Silent Bone Loss" Detection and Risky Modular Implants
E. Garcia-Rey, J. Cordero-Ampuero, G. Babis, F. Benazzo, M. Morlock

Voting result: 88% | 88% Agree [ 10% Disagree / 2% Abstain

| SIZE RANGE AND ANOTOMICAL DESIGN OF IMPLANTS

Appropriateness of Implant Geometry, Sizing Range and Increments for Reconstruction of
Anatomical Structures in Hip and Knee Arthroplasty - Review and Suggestion of Methods for
Pre-clinical Evaluation

D. Janssen, M. Bernardoni, I. Dupraz, R.A. Schierjott

Voting result: 98% | 98% Agree [ 2% Disagree [ 0% Abstain

| SIZE RANGE AND ANOTOMICAL DESIGN OF IMPLANTS (clinical perspective)

Appropriateness of Implant Geometry, Sizing Range and Increments for Reconstruction of Anatomical
Structures in Hip and Knee Arthroplasty - Review and Suggestion of Methods for Clinical Evaluation
F. Benazzo, B. Grimm, C. Mazza, F. Mancino, R.A. Schierjott

Voting result: 97% | 97% Agree / 0% Disagree | 3% Abstain

Pre-clinical Assessment of the in vivo Behaviour of Non-articulating Interfaces Between Implant
Components Concerning the Consequences of Micro Motion or Corrosion Processes - Test
Methodology, and Requirements for Testing and Characterization of Implant Modularities

J.P. Kretzer, TM. Grupp, C. Kaddick, R.T. Mayer, M. Morlock

Voting result: 92% | 92% Agree | 3% Disagree [ 5% Abstain

Clinical Assessment of the in vivo Behaviour of Interfaces Between Non-Articulating Implant
Components Concerning the Consequences of Micro Motion or Corrosion Processes
F. Traina, M. Morlock, R.T. Mayer, A. Hart

Voting result: 849% | 84% Agree [ 5% Disagree | 11% Abstain

N
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| IMPLANT FIXATION (cemented implants)

Standard Test Methods for the Pre-Clinical Assessment of Primary and Secondary Stability in
Cemented Total Joint Arthroplasty Taking into Consideration Physiological Force Transmission and
Long-Term Fixation with Regard to the Clinical Application

L. Cristofolini, .M. Grupp, V. Jansson, R.T. Mayer

Voting result: 93% | 93% Agree [ 7% Disagree [ 0% Abstain

| IMPLANT FIXATION (cementless implants)

Test Methods for the Pre-Clinical Assessment of Primary and Secondary Stability in Cementless Total
Joint Arthroplasty Taking into Consideration Physiological Force Transmission, Stress Shielding and
Long-Term Fixation with Regard to the Clinical Application

D. Janssen, C. Schilling, J.P. Kretzer, R.T. Mayer

Voting result: 97% | 97% Agree | 0% Disagree / 3% Abstain

| IMPLANT FIXATION (clinical perspective)

How to Assess Primary and Secondary Stability of Orthopaedic Joint Replacement Devices in a Clinical
Setting Considering also How to Obtain/ Ensure Optimal Force Transmission into the Underlying Bone
J. Karrholm, M. Dreischarf, R.T. Mayer, R.G.H.H. Nelissen

Voting result: 90% | 90% Agree [ 2.5% Disagree [ 7.5% Abstain

| IMPLANT FIXATION (clinical methods)

Radiologic Methods and Parameters to Estimate Primary Stability of Implant Fixation to the Bone -
Discussing Recommended Methods and Time Points for Evaluating Subsidence/Loosening of Implant
Components and Evaluating Implant Fixation Depending on the Implant And Fixation Material

J. Kérrholm, M. Dreischarf, J. Cordero-Ampuero, P. Heesterbeek, R.T. Mayer, R.G.H.H. Nelissen

Voting result: 97% | 97% Agree | 0% Disagree | 3% Abstain

| JOINT STABILITY AND KINEMATICS

Assessment of Functional Joint Stability and Movement Performance after Total Joint Arthroplasty
Regarding the Ability of an Implant to Enable the Reconstruction of a Functionally Satisfying and Stable
Joint, Including an Appropriate Range of Motion and Best Possible Preservation / Restoration of Kinematics
W.R. Taylor, B. Innocenti, G.N. Duda, .M. Grupp, M. Woiczinski

Voting result: 98% | 98% Agree [ 2% Disagree [ 0% Abstain
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| TRANSFERABILITY OF RESULTS (in between devices)

Transferability of Pre-Clinical/Clinical Results of a Product to Another Device Taking into
Consideration General Criteria of Equivalence Devices/ Reference Products and Limitations for
the Transferability of Results Across Different Variants of One Implant

D. Bergadano, J. Bridgens, .M. Grupp, A-P. Schulz

Voting result: 92% | 92% Agree | 8% Disagree [ 0% Abstain

| TRANSFERABILITY OF RESULTS (pre-clinical/clinical)

Transferring Pre-Clinical Results of Joint Replacement Devices into the Clinical Setting
M. Jager, F. Traina, A. Giurea, T.M. Grupp, S. Rusch

Voting result: 90% | 90% Agree | 2% Disagree | 8% Abstain

| EVALUATION OF INSTRUMENTS AND USABILITY

Part 1
Pre-Clinical Evaluation of Instruments and Usability with Regard to Handling, Workflow and Functionality
A. Giurea, F. Benazzo, A. Blom, M. Bernardoni, C. Schilling, F. Traina, R.T. Mayer, S. Overgaard

Voting result: 95% | 95% Agree [ 0% Disagree [ 5% Abstain

Part 2
Clinical Evaluation of Instruments and Usability with Regard to Handling, Workflow and Functionality
A. Giurea, F. Benazzo, A. Blom, M. Bernardoni, C. Schilling, F. Traina, R.T. Mayer, S. Overgaard

Voting result: 97% | 97% Agree | 0% Disagree | 3% Abstain

| MODIFICATIONS/ADJUSTMENTS

Requirements and Considerations for the Implementation of Modifications During the PMCF
Phase of a Joint Replacement Device Based on the Functional Relevance of the Adjustment
J. Bridgens, M. Bernadoni, C. Schilling, S. Rusch, P. Massin, R. Larrainzar-Garijo, F. Traina, V. Jansson

Voting result: 95% | 95% Agree | 2.5% Disagree | 2.5% Abstain

Potentials and Limitations of a Pre-CE Study (or Safety Study) in the Field of Arthroplasty
A. Blom, D. Bergadano, I. Wiistefeld, J. Cobb, F. Haddad, M. Jager, H. Achakri, M. Fink, A-P. Schulz

Voting result: 95% | 95% Agree [ 2.5% Disagree [ 2.5% Abstain
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25

26

27

28

29

30

Requirements to Study Design of Pre-CE Studies / Safety Studies
A. Blom, D. Bergadano, I. Wiistefeld, J. Cobb, F. Haddad, M. Jager, H. Achakri, M. Fink, A-P. Schulz

Voting result: 92% | 929 Agree / 3% Disagree | 5% Abstain

| PERIOPERATIVE AND SHORT-TERM POSTOPERATIVE (SERIOUS) ADVERSE
EVENTS

Approach for the Pre-Clinical Investigation of Adverse Events or Complications Related to the

Clinical Application of Total Joint Arthroplasty Devices and their Implantation Procedure

F. Siccardi, S. Rusch, S. Overgaard, A. Giurea, T.M. Grupp, A-P. Schulz

Voting result: 95% | 95% Agree [ 0% Disagree | 5% Abstain

| PERIOPERATIVE AND SHORT-TERM POSTOPERATIVE (SERIOUS) ADVERSE
EVENTS (clinical perspective)

Approach for the Clinical Investigation of Adverse Events or Complications Related to the
Clinical Application of Total Joint Arthroplasty Devices and their Implantation Procedure
F. Siccardi, S. Rusch, S. Overgaard, A. Giurea, T.M. Grupp, A-P. Schulz

Voting result: 929% | 929% Agree | 3% Disagree | 5% Abstain

| REVISION RATE/SURVIVAL TIME

Assessing Revision Rates, Lifetime and Survival Time of Total Joint Arthroplasty Implants with
Regard to Benchmark Values, Pre-CE Studies, Influencing Factors and Relevant Parameters

V. Jansson, A. Blom, B. Bordini, A. Liibbeke

Voting result: 97% | 97% Agree | 0% Disagree | 3% Abstain

| PMCF (post-market clinical follow-up) STUDIES

Potentials and Limitations of PMCF Studies in the Field of Total Joint Arthroplasty - Discussing Study
Design, Parameters, and Alternatives

A. Libbeke, H. Achakri, D. Bergadano, J. Bridgens, I. Wiistefeld, M. Jager, R. Larrainzar-Garijo, H. Windhagen,
P. Massin, E. Garcia-Rey

Voting result: 95% | 95% Agree / 0% Disagree | 5% Abstain

| REGISTRY STUDIES

Potentials of Registry Studies in Total Joint Arthroplasty Considering Quality and Quantity of Data, Relevant
Parameters and their Potential to Increase the Exploratory Power of Pre-CE Studies
V. Jansson, A. Blom, B. Bordini, S. Overgaard, R.G.H.H. Nelissen

Voting result: 95% | 95% Agree / 2.5% Disagree [ 2.5% Abstain
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| FUNCTIONALIZED IMPLANTS/BIOMATERIALS/SURFACES/INNOVATIONS
Functionalized Surfaces or Novel Aspects in Hip and Knee Arthroplasty - Review and Proposal of
a Stepwise Analysis Approach

G.N. Duda, M. Jager, B. Masson, E. Garcia-Rey, M.A. Pérez Ansén, G. Reilly, R.A. Schierjott

Voting result: 89% | 89% Agree | 0% Disagree [ 11% Abstain

Part 1

In Silico Trials Methodologies within the Development, Pre-Clinical Assessment and Clinical Evaluation
Process of Total Joint Arthroplasty Implants

M. Viceconti, B. Grimm, W. Van der Weegen, F. Traina, |. Wiistefeld, C. Mazza, M. Dreischarf, C. Lohmann

Voting result: 97% | 97% Agree | 0% Disagree | 3% Abstain

Part 2

In Silico Trials Methodologies within the Development, Pre-Clinical Assessment and Clinical Evaluation
Process of Total Joint Arthroplasty Implants, Instruments or Procedures

M. Viceconti, B. Grimm, W. Van der Weegen, F. Traina, . Wiistefeld, C. Mazza, M. Dreischarf, C. Lohmann

Voting result: 95% | 95% Agree [ 0% Disagree [ 5% Abstain

NOTE:

Please note that the following research questions have not been addressed:
Biological safety/biocompatibility &t sterility (clinical perspective)

Joint stability & kinematics (clinical perspective)

Functional result/clinical outcome

One research topic was withdrawn during the Conference due to quality reasons.
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BIOLOGICAL SAFETY /
BIOCOMPATIBILITY &
STERILITY

Biological Safety Determination of Medical
Devices Considering Limited, Prolonged, and
Long-term Implantation
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Biological Safety Determination of
Medical Devices Considering Limited,
Prolonged, and Long-term Implantation

Richard T. Mayer', Dario Bergadano?, Ina Wiistefeld®, Marc Bohner*

'Johnson & Johnson, Office of the Chief Medical Officer New Brunswick NJ,
Zuchwil, Switzerland

’Medacta International SA, Castel San Pietro, Switzerland

*Aesculap AG Medical Scientific Affairs, Tuttlingen, Germany

*Robert Mathys Foundation RMS, Bettlach, Switzerland
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Question: Biological safety [ Biocompatibility & Sterility

How can the biological safety of a final finished medical device with limited, prolonged, and long-term implantation be established
(including potential degradation products and novel materials/indications)?

Summary/Recommendation:

All biological evaluations shall be carried out within a risk management framework according to ISO 10993-1:2018. Clinical history of safe
use data/post-market surveillance data should be utilised as input to mitigate the need to perform biological/chemical testing.

Biological evaluation within a risk management procedure does not mean testing of the device is required. Further, established marketed
products are not mandated to be retested due to changes within ISO 10993-1:2018 (e.g. a marketed device was cleared in a past revision
of ISO 10993-1:2018, there is no need to perform testing when a new 1SO 10993-1:2018 revision is released).

Leveraging acceptable biological safety data from predicate devices for new device development is an acceptable strategy to perform
a biological evaluation within a risk management framework on a new device, granted the predicate is an acceptable comparator. For
leveraging to be acceptable, appropriate equivalence in material(s) of construction and manufacturing processes/aids must be established.
It must be confirmed that the predicate device is a worst case/representative device/coupon in comparison to the new device to be
evaluated.

If testing is carried out as part of a biological evaluation, utilise worst case representative final finished device/coupon.

N/A

97% - unanimous, strongest consensus (97% agree [ 3% disagree [ 0% abstain)
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Figure 1: Biological evaluation flowchart (Figure 1 from ISO 10993-1:2018) to be utilised when determining the activities/evaluation needed to be performed to
qualify a device as biocompatible.
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Not applicable. Question relates solely to current ISO standards.

1. Biological Evaluation according to ISO 10993-1:2018

Biological Evaluation of medical devices should be carried out according to ISO 10993-1:2018. ISO 10993-1:2018 is the overarching
state of the art standard utilised and recognised worldwide to assess medical devices for their biological safety. The standard delineates
endpoints to be considered for the biological safety evaluation of medical devices as shown in Annex A. However, selecting an appropriate
testing battery requires professional judgement and is not a simple check-box exercise.

Further, 1ISO 10993-1:2018 shall not be used to mandate re-testing of historical products assessed previously using the appropriate
edition of this document at the time of the assessment.

ISO 10993-1:2018 has language throughout guiding medical device manufacturers on how they should be assessing their products for
biological safety.

2. Biological Evaluation for Medical Device manufacturers according to 1ISO 10993-1:2018

At a Medical Devices manufacturer, biological evaluation is an integral part of R&D product development and is performed in accordance
with the risk management approach as outlined in I1SO 10993-1:2018. Risk assessments are based on the categorisation of the devices,
as well as the level of historical information with regard to the device (e.g. existing biocompatibility testing, clinical history of safe
use, characterisation of materials of composition, certain manufacturing controls, etc.) in order to determine if additional chemical
and biological testing is required within the overall biological evaluation. Manufacturing steps such as, but not limited to, passivation,
anodisation, and electropolishing, performed in accordance with established industry standards (e.g. passivation per ASTM F86-13) are
acceptable manufacturing controls to waive endpoint testing, as long as no additional manufacturing materials are in contact with the
device subsequent to the manufacturing step performed.

3. Example scenarios

Depending on the considerations above, biological evaluations will take a variety of forms. The examples outlined below are a few ways
that a Medical Devices manufacturer can evaluate metal alloy implants and instruments to establish an acceptable level of biological risk.
The first step of a biological evaluation within a risk management process is to obtain physical and chemical information according to
the recommendations of 1SO 10993-18:2020. When the medical device to be evaluated is comprised of well-established materials (e.g.
through literature/clinical data gathering), such as metal alloys with a long history of safe clinical use, and well-established manufacturing
processes, chemical, and biological testing of a worst case/representative part/coupon may not be required.

Per ISO 10993-1:2018, the endpoints to be considered for the biological safety evaluation of external communicating devices
having limited (< 24 hours) contact with tissue/bone/dentin are cytotoxicity, sensitisation, material mediated pyrogenicity, acute systemic
toxicity, and irritation or intracutaneous reactivity. The endpoints to be considered for the biological safety of implant devices with
long term (> 30 days) contact with patient's tissue/bone are cytotoxicity, sensitisation, irritation or intracutaneous reactivity, material
mediated pyrogenicity, acute systemic toxicity, subacute and sub-chronic toxicity, chronic toxicity, implantation effects, genotoxicity, and
carcinogenicity. Certain manufacturing controls can be used as support to justify and waive required biological endpoint testing. Examples
include (but are not limited to):

e Validated/qualified manufacturing procedures via manufacturing process flows/manufacturing contact material lists/aids.

e (leaning validation of the devices that contain testing with acceptance criteria.
e The inclusion of surface finishing manufacturing processes (such as passivation, electropolishing, anodisation) during manufacturing
limits the device associated residue for chemicals used prior to the process and therefore mitigates the risk from such manufacturing

chemicals. The above manufacturing processes conducted in accordance with a recognised consensus, is an acceptable justification
to support biocompatibility of an implant or instrument if no additional chemicals are used after surface finishing.

Example 1: Implant device, long-term tissue/bone contacting. New product development, with established materials and geometrical
configurations:
® Following the ISO 10993-1:2018 flowchart and considering the device as an equivalent device to an already marketed product, a
biological evaluation can be conducted with no additional biological testing required. The biological evaluation should include (but
is not limited to):

°  Chemical characterization according to ISO 10093-18:2020
°  Demonstration of equivalence of ISO 10093-18:2020 results with those of the comparator device

o Risk assessment of equivalence of materials of construction and manufacturing/processing aids used for comparator device
compared to proposed device

o History of safe clinical use data (of the comparator device)

°Any previous biocompatibility data (of the comparator device)
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Conclusion: No biological testing required, based on compliance with ISO 10993-1:2018 figure 1 flowchart, and including proper
justifications for waiving biological endpoint testing (as shown below in Section 4).

Example 2: Implant device, long-term tissue/bone contacting. Marketed device. Resubmission due to a change in regulations (e.g.
MDR)

e Following the I1SO 10993-1:2018 flowchart (Fig. 1) and considering the device is a marketed product, a biological evaluation
could be conducted with no additional biological testing required. However, if there are insufficient controls in place and missing/
insufficient details of manufacturing such as processing aids used, or missing/incomplete assessment of biocompatibility endpoints,
the following approach could be suggested:

o Select an appropriate worst case/representative part/coupon for testing to accommodate a large portfolio of parts in scope
° Chemical characterisation according to ISO 10993-18:2020

° Toxicological risk assessment in accordance with 1ISO 10993-17:2002

o Cytotoxicity testing according to ISO 10993-5:2009, if necessary (as a sensitivity indicator of potential toxicity)

o History of safe clinical use data (product specific released post market surveillance reports, and/or risk management reports)

If the Toxicological Risk Assessment (TRA) determines acceptable amounts of analysed compounds found from a device, and cytotoxicity
testing in accordance with ISO 10993-5:2009 meets acceptance criteria, no further endpoint testing should be necessary. If TRA shows
unacceptable amounts, further biological endpoint testing may be required and/or refined chemical characterisation may be required to
confirm biological safety.
Conclusion: Biological/chemical characterisation testing required, based on compliance with I1SO 10993-1:2018. Certain biological
endpoint testing can be waived utilising the justifications listed in section 4.
Example 3: Externally communicating device (Instrument) with limited tissue/bone contact. New product development, with
established materials and geometrical configurations:
® Following the ISO 10993-1:2018 flowchart and considering the device as an equivalent device to an already marketed product, a
biological evaluation can be conducted with no additional biological testing required. The biological evaluation should include (but
is not limited to):

° Chemical characterization according to ISO 10093-18:2020

° Demonstration of equivalence of ISO 10093-18:2020 results with those of the comparator device
o History of safe clinical use data (of the comparator device),

o Any previous biocompatibility data (of the comparator device)

o Leveraging of manufacturing controls (e.g. cleaning validation, process validation evaluations)

Conclusion: No testing required, based on compliance with ISO 10993-1:2018 figure 1 flowchart, and including proper justifications for
waiving biological endpoint testing (as shown below in Section 4).
Example 4: Externally communicating device (Instrument) with limited tissue/bone contact. Marketed device. Resubmission due to
a change in regulations (e.g. MDR)
® Following the above flowchart and considering the device is a marketed product, a biological evaluation could be conducted
with no additional biological testing required. However, if there are insufficient controls in place and missing/insufficient details
of manufacturing such as processing aids used, or missing/incomplete assessment of biocompatibility endpoints, the following
approach could be suggested:

o Select a proper worst case/representative part/coupon for testing to accommodate a large portfolio of parts in scope
°  Chemical characterisation in accordance with ISO 10993-18:2020

° Toxicological assessment according to ISO 10993-17:2002

o Cytotoxicity testing according to ISO 10993-5:2009, if necessary (as a sensitivity indicator of potential toxicity)

o History of safe clinical use data (product specific post market surveillance reports, and/or risk management reports)

Conclusion: Biological/chemical characterisation testing required, based on compliance with ISO 10993-1:2018. Certain biological
endpoint testing can be waived utilising the justifications listed in section 4.

4, Additional information for biological evaluation according to ISO 10993-1:2018

According to Section 3 above, the following justifications for waiving endpoint testing can be utilised:

e The ISO guidance recommends minimising animal testing whenever biological safety can be established from other lines of evidence,
such as in vitro or chemical tests. For example, Section 4.4 of ISO 10993-2:2006 states, "For the purposes of the ISO 10993 series,
animal tests shall only be deemed to be justified ... when no suitable scientifically validated test method not involving the use of
living animals is reasonably and practically available; and when relevant reduction and refinement strategies have been identified
and implemented including, if appropriate, obtaining test data from manufacturers and suppliers, and literature searches for toxicity
and biocompatibility data." Section 6.2 of ISO 10993-1:2018 states, "Additional in vivo testing shall not be carried out where the
existing non-clinical and clinical data, including history of safe use, meet the requirements of biological evaluation and therefore
further animal testing would be unethical."
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e Section 4.4 of ISO 10993-1:2018 states that, "Testing is usually not necessary when sufficient information is already available to perform
a risk assessment of the material and/or the medical device ... biological testing is usually not necessary, if material characterisation (e.g.
physical and chemical) demonstrates equivalence to a previously assessed medical device or material with established safety."

e Section 4.10 of ISO 10993-1:2018 states that, “The biological evaluation shall take into account preclinical tests, clinical
investigations, post-market experience from similar medical devices or materials, and other relevant information." This information
can be leveraged as described in Section 4.11: "Where recommendations for endpoint assessment per Annex A are different from prior
published versions of this document, a history of safe clinical use can be used to document why additional testing on a commercially-
marketed medical device is not needed."

e Regarding the new addition of tests to ISO 10993-1:2018, a rationale for considering acute systemic toxicity and material-mediated
pyrogenicity testing is provided in Annex A.2, which states, “extractables/leachables can be introduced ... to the systemic circulation,
lymphatic system, ...". Note that, for acute systemic toxicity, adverse effects are defined in ISO 10993-11:2017 as those which are
immediate (within 72 hours) and that produce a systemic response from only a single dose or an exposure lasting < 24 hours.

e Regarding the relevance of testing for material-mediated pyrogenicity (i.e., non-endotoxin related), Annex G of 1SO 10993-11:2017
states, "It is not necessary to test all new medical devices for in vivo pyrogenicity. However, materials containing substances that
have previously elicited a pyrogenic response, and/or new chemical entities where the pyrogenic potential is unknown should be
evaluated for material-mediated pyrogenicity" Annex G enumerates a list of currently known substances that have been shown to
elicit a pyrogenic response, including endogenous pyrogens, prostaglandin, inducers, drug substances that disrupt thermoregulatory
centers, organic chemicals that act as uncoupling agents of oxidative phosphorylation, certain naphthylamines, bacterial endotoxins,
neurotransmitters, and certain nickel salts.

e The characterisation of extractables and leachables (ISO 10993-18:2020), together with a toxicological risk assessment (ISO 10993-
17:2002) may be utilised in lieu of conducting biological tests for sub-chronic and chronic systemic toxicity, genotoxicity, and
carcinogenicity. To this effect, ISO 10993-1:2018, Section 4.3 states, "Chemical characterisation with an appropriate toxicological
threshold can be used to determine if further testing is needed (see Annex B, ISO 10993-17:2002 and ISO 10993-18:2020)." Section
6.3.1, Subpart b) also states, “The choice of test procedures shall take into account: ... 4) that certain biological tests (i.e. those
designed to assess systemic effects) are not justifiable where the presence of leachable chemicals has been excluded (in accordance
with ISO 10993-18:2020), or where chemicals have a known and acceptable toxicity profile, allowing the safe use by evaluation in
accordance with ISO 10993-17:2002 and risk assessment in accordance with ISO 14971:2019." Annex B, Section B.4.3.2 states, "In
the following circumstances, a correctly conducted risk assessment can provide justification for not carrying out long-term testing,
where the nature and extent of exposure confirms that a patient is being exposed to very low levels of substances, below relevant
toxicological thresholds."

How are implant and instrument materials affected by the different sterilisation methods and what must therefore be considered, also
regarding the testing of the products?
e The bulk properties of metal alloys are not fundamentally impacted/changed by sterilisation methods such as steam, radiation, and
ETO, so the mechanical properties would not be fundamentally impacted/changed. However, the surface properties may be affected
(e.g. oxide layer thickness of Ti alloys), which has a direct influence on the biological properties.

e Sterilisation of polymeric materials may cause degradation requiring additional endpoint evaluation as per ISO 10993-1:2018 (See
answers to questions 1 and 2 above for typical medical device biological evaluation).

DIN EN ISO 10993-1: Biological evaluation of medical devices — Part 1: Evaluation and testing within a risk management process (ISO
10993-1:2018); International Organisation for Standardisation: Geneva, Switzerland, 2018.

DIN EN ISO 10993-2: Biological evaluation of medical devices — Part 2: Animal welfare requirements (ISO 10993-2:2006); International
Organisation for Standardisation: Geneva, Switzerland, 2006.

DIN EN ISO 10993-5: Biological evaluation of medical devices — Part 5: Tests for in vitro cytotoxicity (ISO 10993-5:2009); International
Organisation for Standardisation: Geneva, Switzerland, 2009.

DIN EN ISO 10993-11: Biological evaluation of medical devices — Part 11: Tests for systemic toxicity (ISO 10993-11:2017); International
Organisation for Standardisation: Geneva, Switzerland, 2017.

DIN EN ISO 10993-17: Biological evaluation of medical devices — Part 17: Establishment of allowable limits for leachable substances (ISO
10993-17:2002); International Organisation for Standardisation: Geneva, Switzerland, 2002.

DIN EN ISO 10993-18: Biological evaluation of medical devices — Part 18: Chemical characterization of medical device materials within a risk
management process (SO 10993-18:2020); International Organisation for Standardisation: Geneva, Switzerland, 2020.

DIN EN ISO 10993-19: Biological evaluation of medical devices — Part 19: Physico-chemical, morphological and topographical
characterization of materials (ISO 10993-19:2020); International Organisation for Standardisation: Geneva, Switzerland, 2020.

DIN EN ISO 14971: Medical devices — Application of risk management to medical devices (ISO 14971:2019); International Organisation for
Standardisation: Geneva, Switzerland, 2019.
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1. Abstract
Questions: Pre-clinical methods

What are potentials and what are limitations of pre-clinical testing in the field of arthroplasty?
1. Which parameters can actually be assessed/evaluated with regard to e.g. device testing (mostly standardized) and functional
testing of the implant (e.g. load transfer, implant stability etc)?
2. Which are the known aspects and failure modes to be tested for providing sufficient pre-clinical evidence?
Are there additional alternatives or are there additional ways to generate supplementary data/information?

Which demands must the test methodology of pre-clinical testing in the field of arthroplasty meet?
1. How is the evaluation of safety and performance of an implant possible at an early stage in the development process?
2. With the introduction of a new design principle or material, should there be a risk assessment of potentially new failure modes
and consequently additional testing required for the highest risk mode(s)?
3. Which number of specimens is reasonable in pre-clinical testing and how should the number be determined?

Summary/Recommendation:

The main reasons of non-septic implant failure according to implant registries, can be assessed pre-clinically to different extents:
® Aseptic loosening: reliable non-standardized in vitro protocols and numerical methods exist. They should be part of the pre-clinical
testing.

® Periprosthetic post-operative bone fracture are related to notching and stress concentration. In vitro testing is possible and should
be performed wherever this concern exist.

® Joint instability, component mispositioning and malalignment depend significantly also on the patient and the surgeon. While some
numerical simulations are applicable, they cannot be expected to completely overcome this problem.

Failure of components accounts for a minority of revisions:
e Fatigue fracture has been drastically reduced by application of the standard tests, which seem to be effective.

o Wear still affects many implant types. The standard tests are poorly reproducible

Two aspects should be considered in the early stages of development:
e Prevention of foreseeable failure scenarios: these should be identified with a formal analysis of the failure tree (e.g. FMEA) and each
failure mode should be assessed either with a numerical simulation, or with an experiment, or both.

e \Verification of the claimed strengths: again, if a device is intended to overcome limitations of existing ones, this claim should be
tested.

While indications are given for the required sample size in standardized testing, non-standard tests require different sample sizes, that
should be estimated based on test uncertainty, least significant difference, and with the general aim.

As failure of a THR or a TKR is a relatively rare event, the possible risks associated with extreme cases, a sensitivity analysis should be
performed whenever concerns exist about a specific design. A combination of in vitro testing and in silico simulations is often the best way
to obtain reliable and extensive information. It is important that such in silico models are validated on relevant datasets.

2. Level of Evidence
Moderate

3. Consensus Delegate Vote

100% - unanimous, strongest consensus (100% agree / 0% disagree [ 0% abstain)
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4. Graphical Abstract
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5.  Search Strategy

The search was carried out in three phases:

May 2023

1) In the preliminary phase, the incidence of the different loosening failure scenarios was investigated. The Hip and Knee registries of
arthroplasty were interrogated. Only registries meeting the following criteria were considered:
e Covering a population of at least 4 Million citizens

® [ncluding at least 1 000 revision cases

® Follow up of at least 4 years

2) The I1SO and ASTM database were interrogated for relevant test methods.
3) To investigate the published test methods, journal papers were searched, using PubMed (National Library of Medicine)

Search string:

(pre-clinical OR preclinical OR in vitro OR biomechanical) (testing OR assessment OR validation) AND (“hip" OR “knee") AND (“implant"

OR "prosthesis” OR “stem" OR “acetabulum” OR "“tibial” OR “femoral” OR “patellar” OR “device")

Timeframe: ALL (1920-2020)

While the entire database, was searched, here only a selection of the relevant ones is presented.

6. Rationale

Which are the known aspects and failure modes to be tested for providing sufficient pre-clinical

evidence?

An analysis of the implant registries (Table 1 for the hip, and Table 2 for the knee) helps identify the most relevant failure modes and

scenarios.

Three main categories for “failure” can be defined:
(1a) component failure due to bulk material failure: strength can be assessed by mechanical testing but since we do not know the
loading in the body, absolute guide values are difficult to establish.
(1b) component failure due to wear and aging - sophisticated simulators are available. However, many possible loading configurations
exist. There should be a consensus on a few loading regimes (walking, stumbling?, stair climbing? resting?). Problem of joint fluid

composition and simulation of aging)
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(2) interface failure: the interaction with the host bone (load transfer, interface stress, micromotions) can be assessed by animal studies
(uncemented) or laboratory tests (cemented and uncemented)

(3) “process failure” (e.g. dislocation, infection, intra-operative peri-prosthetic fracture), which are not really directly device specific.
Apart from sepsis, the registries report the highest incidence for:

e aseptic loosening of the different components (both THR and TKR)

e joint instability (both THR and TKR)
e periprosthetic post-operative bone fracture (mainly THR)
e component mispositioning and malalignment (mainly TKR).

Failure of one of the components accounts for a minority of revisions, mainly due to:
e Wear (both THR and TKR)

e Fatigue fracture (mainly THR)

All these failure modes potentially affect contemporary joint arthroplasty and should be tested pre-clinically.

While component failure represents a minority of revision cases, standardized testing of the individual components seems to be
adequate for the current concepts of THR and TKR. Conversely, the high incidence of failures related to bone-implant interaction and to
surgery suggest that more pre-clinical testing should be extended to cover such functional aspects.

Which parameters can actually be assessed/evaluated with regard to e.g. device testing (mostly
standardized) and functional testing of the implant (e.g. load transfer, implant stability etc)?

The different modes of failure of the device in itself for THR are covered by current standards and mandatory tests (Table 3):
e Fatigue failure of the hip stem, neck and head are addressed by the different parts of the ISO 7206, both for monoblock and modular
versions;

e Connection of modular hip stems is addressed by ASTM F2580-18

e The method to test the deformation of the acetabular component is described in I1SO 7206-12

e Methods for testing static and fatigue strength of the femoral head are detailed in ISO 11491 and in ASTM F2345-03.
e The method to test adhesion strength of hydroxyapatite are described in ISO 13779-4 and ASTM F1147-05

® Methods to test wear of the head and socket are described in ISO 14242 and ASTM F2025. It must be noted that in this field
diverging results are often reported, suggesting that the standard is not adequately reproducible.

The modes of failure of the device for TKR are covered by current standards and mandatory tests (Table 4):
e Fatigue failure of the tibial tray should be tested according to ISO 14789 and ASTM F1800 and F3140 (both bi-condylar and
unicondylar)

e Wear of the meniscal bearing is addressed by ISO 14243 (wear of the patellar component is not addressed). It must be noted that in
this field diverging results are often reported, suggesting that the standard is not adequately reproducible.

Functional testing is not covered by any standards, due to the complexity of standardizing a test that includes an anatomical specimen,
and the surgical preparation. However, the scientific literature offers a series of in vitro and in silico methods to assess the interaction
between the THR implant and the host bone (Table 3):
e Methods to test the primary stability of uncemented hip stems have been published since the 1990ies ((1)(2)(3)). Due to the
complexity of modeling the viscoelastic nature of bone, interface fit, and friction, the most reliable method is definitely in vitro
testing (as opposed to numerical modeling). There is an agreement about the importance of torsional loading (4).

e Both in vitro (5-9) (10) and in silico ((11)(12-14)) methods have been published to assess the long term risk of loosening of cemented
hip stems. In this case, more severe loading and large numbers of cycles must be taken into account. The importance of such in
vitro tests relates to the fact that actual interface properties, cement fatigue behaviour etc. are incorporated. In silico models (if
quantitatively validated (15-17) can be used to assess magnitudes that are difficult to measure experimentally (e.g. interface stress)
and explore other scenarios such as simulated tissue adaptation.

e Methods to test the primary stability of uncemented acetabula have been developed. Simplified tests (e.g. based on polyurethane
foam blocks or other bone surrogates (18,19) (20,21) are suitable only in a first instance, for preliminary exploration. Because of the
complex viscoelastic nature of bone, interface fit, and friction, the most reliable method is definitely in vitro testing of cadaveric
specimens ((22-27)). Validated numerical model con provide additional insights (28).

® Peri-prosthetic bone resorption due to stress shielding was deemed a possible failure mode until the late 1990ies and was initially
investigated with the aid of numerical models (29,30). Some concerns can still exist for the stiffest stem designs (e.g. revision
uncemented hip stems). Reliable methods to measure the alteration of bone strains due to implant have been published (31-34).

e Post-operative peri-prosthetic bone fractures in some case occur. Due to the complex nature of this phenomenon (which depends
on bone preparation, implant design, implant positioning), actual implants should be tested (33,35)).
Similarly, in vitro methods have been published to the assessment of the functional performance of TKR implants (Table 4):
® The long-term stability of the femoral component should be tested including the complex kinematics of the knee, with a loading
protocol that can be adapted from the 1S014243 protocol for wear testing ((36,37)).

e The load transfer of the tibial component can be measured both in vitro (38-41) and simulated numerically (42-46)17 strain
rosettes were attached to a composite tibia (model 3101, Pacific Research Laboratories, Vashon, Washington, USA.
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Are there additional alternatives or are there additional ways to generate supplementary data/
information?

As failure of a THR or a TKR is a relatively rare event, it is clear that such failures are associated with circumstances that deviate from the
"average implant in the average patient” To assess the possible risks associated with extreme patients (e.g. high BMI, highly osteoporotic)
a sensitivity analysis should be performed whenever concerns exist about a specific design. Similarly, failures caused by sub-optimal
implantation (e.g. implant mispositioning, improper use of acrylic cement, over/under-reaming) are unlikely to be detected in a Phase | or
Phase Il clinical trial, as highly expert and trained surgeons would be recruited: such failures occur when an implant undergoes widespread
use, in a large number of centers. To detect such risks pre-clinically, the effects of all foreseeable surgical errors should be evaluated.
The most flexible tool in this case are in silico simulations, which allow cost-effective exploration of multiple factors (e.g. Monte Carlo
simulation (47) (48,49) (50)). It is important that such in silico models are extensive validated on relevant datasets.

How is the evaluation of safety and performance of an implant possible at an early stage in the
development process?

While testing of physical specimens is advantageous (and in some aspects mandatory) in the last phase of the pre-clinical validation, no
strict rule applies to the early stages of development. However, two aspects should be considered:
e Prevention of foreseeable failure scenarios: these should be identified with a formal analysis of the failure tree (e.g. FMEA) and each
failure mode should be assessed either with a numerical simulation, or with an experiment, or both.

e \erification of the claimed strengths: again, if a device is intended to overcome limitations of existing ones, this claim should be
with a combination of in vitro testing and in silico simulations.

Examples of design optimization based on a combination of numerical modeling and in vitro testing are present in the literature
(28,48,51,52)(16,53)).

With the introduction of a new design principle or material, should there be a risk assessment of
potentially new failure modes and consequently additional testing required for the highest risk mode(s)?

New concepts for existing devices or use of innovative materials represent an additional complication with respect to the state-of-the-art
as new risks and new modes of failures could apply. Dramatic examples include the 3M Capital stem (54) and the ASR metal-on-metal
resurfacing (55),(56).

The only viable option to try and detect such new failure mechanisms is to perform an extensive preclinical test campaign mainly
using in vitro tests (this is the only way to incorporate the anatomy, natural materials, interface properties etc). In all cases, unforeseeable
failure modes might be missed as experimental and numerical models can only focus on expected scenarios. For this reason, very cautions
stepwise clinical testing should be included.

Which number of specimens is reasonable in pre-clinical testing and how should the number be
determined?

For pre-clinical testing of the component itself (e.g. fatigue, or wear) the standardized tests in most cases prescribe the sample size
required. Indeed, there are several ISO and ASTM standards as well as FDA guidance documents which define for fatigue testing of
orthopaedic implants a sample size of n =5 orn = 6.

When it comes to functional testing, no standard exists. It is difficult to determine a specific number of specimens to be used in pre-
clinical testing as this depends on the test reproducibility, on the possible inter-specimen variability, and on the least significant difference
to be detected. For these reasons, a sample size analysis should be always performed based on previous similar studies or on pilot tests
(57). An actual ASTM F 04.22 draft describes a standard practice for the determination of sample sizes and comparative statistical
analysis of test data for test methods on medical devices in arthroplasty which generate measurable or quantitative values (58). This
practice explicitly applies to implant test methods in arthroplasty, which generate quantitative values in quasi-static testing. It does not
apply to fatigue testing or wear testing (see Consensus Statement 7 "Biotribology” for suitable specimen numbers in wear testing). For
performance verification the ASTM draft at the current state requires testing no fewer than 5 specimens of each test implant device. A
minimum of five specimens is foreseen to compute the sample size necessary to perform a comparative test. These five data points may
come from prototype testing, pilot testing, performance data for a similar reference in the literature, or data from a previous test. An actual
comparison of a new device to a similar reference device with clinical history shall be performed to determine superiority, equivalency or
non-inferiority. As a thumb rule, the minimum number of specimens to be considered in several types of in vitro tests is between 6 and
10 (e.g. (26,32,59,60): this typically allows detecting differences between designs, if test reproducibility is granted. It must be noted that
this small sample size allows exploring what happens in a typical scenario, e.g. average patient or the worst-case. Conversely, much larger
samples are needed to account for the wide inter-patient variability.
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Table 1: Incidence of the different failure modes of THR according to the different implant registries.

RIPO

Range Emilia RIAP Italy* Germany (i Norway ** Sweden Uk L5 Australia
ds* Zealand
Romagna
(Lombardy, Tuscany,
Marche, Apulia,
Basilicata, Calabria,
Sicily, and Campania,
Referer!ce Emilia Bolzano, Trer!to and GeERy Netherlan NeeEy sweden Uk New Australia
population | Romagna two hospital ds Zealand
structures “Policlinico
Cittadi Alessandria”
and “Santa Maria della
Misericordia” of Udine
dual mobility | dual mobility
(% of (% of (% of (% of @xp @ (% of (% of (% of
Diagnosis in revision % number of | (% of number of revisions) | numberof | number of | numberof |—cemented numberof | numberof | number of
revisions) revisions) revisions) revisions) (%of (% of number of | revisions) revisions) revisions)
nunj:l?er of revisions)
revisions)
Loosening of acetabulum component 15.6-30.9 30.9 18.1 15.6 22.8 30.8 21.7
Loosening of femur component 8.1-31.1 13.3 10.8 10.9 18.9 31.1 8.1 29.2 17.2
Loosening total aseptic 3.3-18.3 18.3 7.0 3.3 24.0
Loosening septic 1.1-60.4 1.1 8.8 15.2 19.1 6.5 60.4 41.7 12.3 12.2
Loosening aseptic 26.2 26.2
Prosthesis breakage* 5.2 3.5 1.8 2.5
modular necks (% of Prosthesis breakage) 34.4
liners (% of Prosthesis breakage) 22.2
heads (% of Prosthesis breakage) 1.8-5.2 14.5
stems (% of Prosthesis breakage) 12.3
cups (% of Prosthesis breakage) 12.5
liner and head (% of Prosthesis breakage) 1.7
not specified (% of Prosthesis breakage) 2.3
Primary instability 0.7 0.7 216
Prosthesis dislocation 9.2-19.0 9.2 13.9 11.7 19.0 8.3 16.2 16.7 12.0 18.6
Inlay wear 4.2-18.0 4.2 18.0
Wear 3.1-9.2 8.2 8.1 3.1 9.2
Metallosis 0.8 0.8
Femur fracture 3.7-13.2 12.3 10.9 13.2 3.7 10.7 12.5 104 12.5
Acetabulum fracture 0.2 0.2 21.2
Bone fracture 71 71
Pain 1.7-15.2 1.7 5.6 6.4 3.6 15.2
Trauma 0.2 0.2
Osteolysis acetabular (no loosening) 1.6 1.6
Osteolysis femur 1.9 1.9
Lysis 0.9-8.9 27 0.9 8.9 2.1
Condition after removal 9.2 9.2
Girdlestone situation 2.1-5.5 85 2.1
Two steps prosthesis removal 5.0 5.0
Symptomatic mom bearing 3.7 3.7
Previous prosthesis removal 1.6 1.6
Malalignment 1.6-3.2 1.6 3.2
Adverse reaction to particulate debris 7.8 7.8
Peri-articular ossification 0.5-1.8 0.5 1.8
Progression of arthrosis 0.3 0.3
Disease progression 0.1 0.1
Head-socket size mismatch 0.3 0.3
Missing information 0.4 0.4
Other 0.0-11.7 1.5 74 10.5 11.3 4.2 4.6 0.0 3.8 11.7

*=one patient may have more than one reason for revisionor re-surgery. As such the total proportion is over 100%

**= Djseases are not mutually exclusive
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Table 2: Incidence of the different failure modes of TKR according to the different implant registries.
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RIPO
Range Emilia RIAP Italy* Germany Netherla Norway ** Sweden *** Uk New | s ustralia
nds* Zealand
Romagna
(Lombardy, Tuscany, Marche,
Apulia, Basilicata, Calabria,
Reference | Emilia CHlp e TN ey Netherla New
N Trento and two hospital Germany Norway Sweden Uk Australia
Cittadi nds Zealand
Alessandria” and “Santa Maria
dellaMisericordia” of Udine
total knee ikete] kne.e Unicondylar
- - — | prosthesis | Pesthesis | yee | ka0 | TkaRA [UKaoA| - -
B without .
with patella prosthesis
Diagnosis in revision % patella o7 =
% o)
nuﬁ‘ga] (% of number of revisions) (Foetmmies nui:fb:{of (% of number of operations) (% of number of revisions) nufr’l‘b‘:{nf L nu:‘b‘:{nf
revisions) Rl o) revisions) 7 revisions)
revisions)
Aseptic loosening 17.0-38.4 38.4 17.0 29.0 28.0 29.6
Loosening of femoral component 2.6-9.0 2.6 5.5 4.4 9.0 0.9 0.4 2.3 8.0
Loosening of patellar component 0.2-20 0.2 0.6 1.7 0.5 - - 20.0 322
Loosening of several components 10.7-26.0 26.0 10.7
Loosening of tibial component 9.3-24.0 9.6 9.9 9.3 21.0 21 0.9 24 24.0
Septic loosening 2.6-24.0 2.6 15.5 14.7 18.0 1.5 0.8 0.3 31.0 27.0 3.0 24.0 23.0
Patellar reasons 2.0-20.9 19.0 4.0 20 20.9
Arthrofibrosis 4.2-4.8 4.2 4.8 4.7
Progression of arthities 8.6-16.5 8.6 16.5
Breakage of prosthesis 0.5-2.0 0.5 14 2.0
Condition after removal 10.9 10.9
Dislocation prosthesis 2.2-3.2 2.2 24 3.2
Dislocation of patella 24 24 0.2 0.1 -
Dislocation no patella - 0.1 0.1 -
Fractured spacer 0.1 0.1
Periprosthetic fracture 1.2-4.5 1.7 1.2 3.0 1.9 0.3 0.2 0.5 4.5
Implant wear 2.0-10.8 3.7 24 5.7 7.3 2.0 4.0 10.0 10.8
Instability 1.8-26.3 1.8 3.5 26.3 1.3 0.6 0.8 14.0 9.0 10.0 14.7 11.2
Ligament instability 8.9 8.9
Malalignment / rotation revision 1.8-12.6 1.8 12.6 0.7 0.3 0.9 5.5
Osteolysis with fixed component 1.1
Femora/ components 0.3
Tibial tray 1.1 0.3
Patellar components 0.1
Several components 0.4
Pain 9.9-25.0 9.9 16.7 21.0 1.7 1.8 5.7 10.1 25.0 10.7
Trauma 0.5 0.5
Progression of desease 0.9-32 0.9 2.3 13.0 20.0 32.0
Restricted mobility 4.0 4.0
Stiffness 1.0-4.9 1.0 1.6 4.9
Defect polyethylene - 1.2 0.2 0.7
Two steps prosthesis removal 18.4 18.4
Revision of knee removal 5.6 56
Missing - 0.1 0.1 0.2
Other 3.0-20.4 6.3 11.4 18.7 8.0 0.7 0.4 1.1 3.0 4.0 14.0 8.8 20.4

*=one patient may have more than one reason for revisionor re-surgery. As such the total proportion is over 100%

**=Revision causes are not mutually exclusive
***= numbers taken from a histagram chart

TKA O =Total Knee Arthroplasty in Osteoarthrities

TKARA=Total Knee Arthroplasty in Rheumatoid Arthritis

UKA OA = Unicompartmental Knee Arthroplasty
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Table 3: Modes of failure and related test methods for hip prostheses.

(device related,

functional, surgeon- resurfacing/ insert/

Stem/ neck/ head/

(standardized,

non-standardized,

(based on

incidence of mode different from “yes”)

(if previous column

indicate # of  fill here

(if yes, If available,

dependent, etc) cup+ primary/ none) of failure) relevant  (standard #
revision section)  DOI, PMID
or full ref)
Device Stem Stem breakage Standardized Yes 5
Device Neck Neck breakage Standardized Yes 5
Device Head Head burst Standardized Yes 5
Device Head + insert Wear of bearing Standardized Partly (not, 6
surfaces on some
cases such as
MoM)
Functional Stem + cup  Long-term Only for No Guidelines for in
loosening (as a  specific addressing
multifactorial  aspects, multifactorial
phenomenon, problem?
including effect
of wear debris
and bone
resorption)
Functional +  Stem (primary Short-term lack Non- Yes, when  Guidelines for in 9
surgeon and revision) of stability of  standardized performed  vitro testing? In
uncemented (both silico simulation of
stem experimental worst cases?
and
numerical)
Functional +  Cup (primary Short-term lack Non- Yes, when  Guidelines for in 9
surgeon and revision) of stability of standardized performed  vitro testing? In
uncemented cup (both silico simulation of
experimental worst cases?
and
numerical)
Functional +  Stem and Long-term Non- Yes, when  Guidelines for in 9
surgeon cement loosening of  standardized performed  vitro testing? In
(primary and cemented stem (both silico simulation of
revision) experimental worst cases?
and
numerical)
Functional +  Cup (primary Short-term lack Non- Yes, when  Guidelines for in 9
surgeon and revision) of stability of  standardized performed vitro testing? In
uncemented cup (both silico simulation of
experimental worst cases?
and
numerical)
Functional +  Stem Periprosthetic  Non- ? ? 12, 15
surgeon intra-op standardized
fractures (both
(uncemented)  experimental
and
numerical)
Functional + Resurfacing  Periprosthetic =~ Non- ? ?
surgeon post-op standardized
fractures (both
(notching) experimental
and
numerical)
Functional + Cup Periprosthetic ~ Non- ? ?
surgeon intra-op standardized
fractures (both
(uncemented)  experimental
and
numerical)
Functional + Cup / stem Implant mis-  none 7
surgeon sizing
Functional +  Cup / stem Implant mis-  Some non-  partially Assess numerically  4A/B
surgeon + /resurfacing  positioning / standard tolerance to
instrumentation misaligning surgical error?
Functional + Luxation Some non-  partially Build 10
surgeon + standard recommendations
indications numerically?
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Table 4: Modes of failure and related test methods for knee prostheses.

(device related,
nctional, surgeon-

Tibial tray /

meniscus/ femoral

(standardized, (based on

non-standardized, incidence of mode different from “yes”)

May 2023

(if previous column (if yes, indicate If available, fill

#of relevant here (standard

dependent, etc) component none) of failure) section)  # DOI, PMID
/patellar or full ref)
Device Tibial tray Breakage Standardized Partly (the 5
load levels
defined are
not suitable
for all design
families)
Device Moving Wear of Standardized Partly (not, 6
elements meniscal on some
bearing cases such as
MoM)
Functional Tibial / Long-term Only for No Guidelines for in
femoral loosening (as a specific addressing
multifactorial aspects, multifactorial
phenomenon, problem?
including
effect of wear
debris and
bone
resorption)
Functional +  Femoral and Long-term Non- Yes, when  Guidelines for in 9
surgeon cement loosening of standardized performed  vitro testing? In
(primary and cemented (both silico simulation
revision) femoral experimental of worst cases?
component and
numerical)
Functional +  Tibial and Long-term Non- Yes, when  Guidelines for in 9
surgeon cement loosening of standardized performed  vitro testing? In
(primary and cemented (both silico simulation
revision) tibial experimental of worst cases?
component  and
numerical)
Functional +  Tibial / Implant mis- none 7
surgeon femoral sizing
/meniscus
Functional +  Tibial / Implant mis- Some non-  partially Assess 4A/B
surgeon + femoral positioning /  standard numerically
instrumentation misaligning tolerance to
surgical error?
Functional + Knee pain Non- no Build 10
surgeon + standard, very recommendations
indications preliminary numerically?
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1. Abstract
Question: Interface compatibility / interface geometry

How can be confirmed that all interfaces (implant - instrument only) are geometrically / dimensionally compatible and fulfil the intended
purpose, i.e. the interface is functional in clinical practice?

1. Which interfaces must be considered for hip and knee implants regarding compatibility?
2. Which relevance have function and actual geometry for the safety and compatibility of interfaces?
3. How should the implant - instrument interface be assessed regarding compatibility, safety and functional performance?

Summary [ Recommendation:

The key aspect to guarantee that all implant - instrument interfaces are geometrically / dimensionally compatible and fulfil the intended
clinical purpose is to optimize their resistance to wear [ deformation as well as their corrosion resistance.

International standards (ISO and ASTM) give useful guidelines about the most suitable metallic alloys / stainless steels for orthopaedics
instruments and these guidelines have to be followed.

Furthermore, as the life expectancy of these instruments is limited, the manufacturer must give information when the device must
no longer be reused, e.g. signs of material degradation or the maximum number of allowable reuses. This requirement is now explicitly
mentioned in the annex | (point 23.4. [n]) of the European Medical Device Regulation (MDR) 2017/745.

2. Level of Evidence

Medium to strong

3. Consensus Delegate Vote

98% - unanimous, strongest consensus (98% agree [ 0% disagree [ 2% abstain)

4, Graphical Abstract

Unacceptable worn instruments leading to improper implant - instrument interfaces [1].

5.  Search Strategy

A non-systematic literature search was conducted end of March 2021 to gain an overview of the available published literature about
orthopaedics instruments.
The two electronic databases MEDLINE using PubMed and "Web of Science” were explored using a combination of the following key words:
e THA, TKA, hip prosthesis, knee prosthesis

® [nstruments

e (Reamer AND awl) OR (broach AND rasp) OR (impactor AND inserter) OR (cutting guide) OR (spanner AND wrench)

Article language was restricted to English or German or French languages. Case reports were also included.

The results of this literature search were disappointing as the number of publications exploring the implant - instrument interface is
practically non-existent. Only one publication treating partially this interface could be identified [1]. All the other identified publications
mainly explore the performance and / or the failure of orthopaedics instruments and the implant - instrument interface seems not to be
considered as being an area of large interest.
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As the new European Medical Device Regulation (MDR) 2017/745 is now fully implemented, the impact of this new regulation on
reusable orthopaedics instruments was also considered.

6. Rationale

1. Which interfaces must be considered for hip and knee implants regarding compatibility?

Three different types of interface have been defined:

1. Indirect interfaces
Even if this type of interfaces does not have a direct contact between the implant and the instrument, these indirect interfaces do play an
extremely important role for the clinical performance of hip and knee implants.

Typical instruments for these indirect interfaces are either instrument allowing to prepare the bony cavity such as broaches, rasps,
reamers and awls or test implants.

Without a precise preparation of the bony cavity, the positioning of the implant may be problematic (e. g. implants in varus [ valgus)
and their primary fixation of (mainly uncemented) implants cannot be secured.

The position of the test implants must correspond to the final position of the definitive implants to assure for example the correct leg
length in the case of a total hip arthroplasty.

2. Direct interfaces
This interface has a direct contact between the implant and the instrument.

Typical instruments for this type of interface are impactors, screwdrivers, repositioning levers and repositioning tops.

3. Direct interface with additional / complex functionality
This interface has a direct contact between the implant and the instrument and the instrument has a specific / complex functionality.

Typical instruments for this type of interface are measuring devices, impactors with a given impulse and torque wrenches.

2. Which relevance have function and actual geometry for the safety and compatibility of interfaces?

To assure a good functionality, reusable instruments must fulfil some key requirements independently from the type of interfaces defined
in the first question.
Reusable instruments are defined in the annex VIII (point 2.3.) of the Medical Device Regulation (MIDR) 2017/745:

e  "Reusable surgical instrument means an instrument intended for surgical use in cutting, drilling, sawing, scratching, scraping,
clamping, retracting, clipping or similar procedures, without a connection to an active device and which is intended by the
manufacturer to be reused after appropriate procedures such as cleaning, disinfection and sterilisation have been carried out.”

These reusable instruments have to keep their local and global geometry as intact as to assure the safety and compatibility of the different
interfaces. The two key aspects for maintaining their geometry [ functionality are their resistance to wear [ deformation as well as their
corrosion resistance.

Fortunately, for metallic instruments, international standards give clear guidelines for the choice for the metallic alloys / stainless steels
which should be used for orthopaedics instruments:

1.1S0 7153-1 [2]

Surgical Instruments - Materials

2. ASTM F899 - 20 [3]

Standard Specification for Wrought Stainless Steels for Surgical Instruments

For each type of instruments (e.g. reamers and rasps), these standards defined the recommended alloys / stainless steels (including
their specific heat treatment) giving the best possible performance (hardness [sharpness and wear resistance], corrosion resistance). The
corrosion resistance of these metallic instruments can also be optimised by their passivation.

Two additional ASTM standards |/ guides give also useful indication for assuring the best possible performance of these metallic
instruments in the long-term:

3. ASTM F565 - 21 [4]

Standard Practice for Care and Handling of Orthopedic Implants and Instruments

4. ASTM F1744 - 96 [5]

Standard Guide for Care and Handling of Stainless Steel Surgical Instruments

These standards | guides give clear directives for the cleaning and the storage of these reusable instruments, helping to keep their
service life as long as possible.

As long as the local and global geometry of these metallic instruments is preserved, the safety and compatibility of the implant -
instrument interfaces is maintained. But even if their geometry is preserved, these metallic instruments should be replaced earlier in case
that the wear has lowered their performance (cutting performance as a typical example) below a critical threshold, impairing with their
functionality. The threshold value should be defined by the manufacturer defining a fixed maximum number of cycles, by the judgement
of the operating surgeon or by a functional control done for example by the sterilisation technicians [ engineers.

For polymeric instruments (e.g. impactor tops, repositioning tops), as their resistance to plastic deformation and their resistance to
wear is definitively much lower compared to metallic instruments, they should be considered as being disposable instruments and must
regularly be replaced.
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3. How should the implant - instrument interface be assessed regarding compatibility, safety and
functional performance?

For the instruments having an interface with a functionality, the requirements to keep their local and global geometry to assure the safety
and compatibility of the different interfaces is also mandatory.

The functionality of these instruments must be maintained during their whole service life. Taking torque wrenches as an example, three
different strategies are possible:

1. Passive functionality
The required torque can be generated by the elastic deformation of a metallic rod.

2. "Sacrificial” functionality
The required torque is controlled by the “sacrifice [ destruction” of a disposable element inside the wrench. This disposable element must
be replaced each time before the wrench is use.

3. Active functionality
The required torque is obtained by a mechanical system inside the wrench. The manufacturer must define a maximum number of cycles
before the instrument must be controlled and possibly be recalibrated.

4. Take home message

In conclusion, for the three types of interfaces defined in this document, all these general guidelines should be followed. The manufacturer
must also give the information when the instruments must be replaced. This specific requirement is also mentioned in the annex | (point
23.4. [n]) of the European Medical Device Regulation (MDR) 2017/745:
®  "Information shall be provided to identify when the device should no longer be reused, e.g. signs of material degradation or the
maximum number of allowable reuses.”

7. References
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1. Abstract
Question: Mechanical component testing

Are there standard methods to establish that the implant will withstand the endurance habitual and peak loads that must reasonably be
expected (i.e., single implant parts as well as complete arthroplasty combination)?

1 Which standard methods/tests according to norms are required for CE registration?

2 What validity do they have with regard to the clinical use?

3 Is it necessary to take into consideration the instrumentation in this process?
Are there additional test methods to establish that an implant will withstand the endurance habitual and peak loads that must reasonably
be expected (i.e., single implant parts as well as complete arthroplasty combination)?

1 Which additional/new test methods can reasonably complement the tests according to norm?

2 What validity do they have with regard to the clinical use as opposed to the standard tests?

3 Which supplementary steps (methods) are imaginable to further close the gap between pre-clinical and clinical application (e.g., use
of a numerical simulator or comparative testing with established products)?

4 What are methods that simulate the in vivo conditions for load testing of implants in order to gain information about biological
impact on material properties?

Summary [ Recommendation:

There are several International Standards (IS) that describe tests under simplified loading conditions to verify the ability of a THA device
(single device or a combination of devices) to withstand repeated load application.

These tests can be static or dynamic and the number of cycles should be correlated to the expected lifespan of the device. It is generally
assumed that 2 mio of cycles correspond to 1 year of time, but a specific patient could experience a much higher number of cycles in the
same period of time and this aspect should be considered.

Nowadays, a minimum of 10 mio cycles seems to be adequate for dynamic testing, even if the definition of a strict correlation between
the test protocol and the in vivo behavior of the component can be extremely difficult and useless.

Test protocols adapted from the IS have been designed to prove that a minimal mechanical performance of a device is achieved and
that these mechanical performances are adequate to the load conditions that could be experienced in vivo.

To prove this consideration, a review of the national registry is relevant to understand the frequency of the implant failure related to
mechanical breakage: according to all registries, component breakage is responsible for only 1.8-5.2% of all revisions.

The usage of specific instruments could lead to implant micro and macro damage that could cause early implant failure. For this reason,
it could be important to consider the application of some specific instruments for mechanical testing of implant endurance / fatigue
properties.

2. Level of Evidence
Moderate

3. Consensus Delegate Vote

93% - super majority, strong consensus (93% agree [ 2% disagree | 5% abstain)
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4. Graphical Abstract

iso/astm [ Norm | year Description Implant type
Implants for surgery — Partial and total hip
1 SO 7206-4 12010 joint prostheses — Part 4: Determination of
endurance properties and performance of
stemmed femoral components
Implants for surgery — Partial and total hip
Dynamic Test 0] _ . i
joint prostheses — Part 6: Endurance properties Stem
Femoral Stem | 2 IS0 |7206-6 2013 testing and performance requirements of neck
region of stemmed femoral components
F2580- Evaluation of Modular Connection of
3| ASTM 13 2018 Proximally Fixed
Femoral Hip Prosthesis
Implants for surgery — Partial and total hip-
7206- joint prostheses — Part 10: Determination of
: IEC 10 20 resistance to static load of modular femoral
heads
5 SO 7206- 2016 Determination of resistance to torque of head
Modular 13 fixation of stemmed femoral components
Connection Head
Head/Taper Standard Test Methods for Determination of
6 | ASTM |F2345-|2013| Static and Cyclic Fatigue Strength of Ceramic
03 Modular Femoral Heads
F2009- Standard Test Method for Determining the
7| ASTM 00 2011 | Axial Disassembly Force of Taper Connections
of Modular Prostheses
Dynamic Test F3090- Standard Test Method for Fatigue Testing of
Acetabular Cup 8 | ASTM 20 2020 Acetabular Devices for Total Hip Replacement Acetabular cup
7206- Implants for surgery — Partial and total hip
Acetabular Cup 9 ISO 12 2016| joint prostheses — Part 12: Deformation test
Deformation method for acetabular shells
4 Modul — Acetabular cup
and Modular F1820- Standard Test Method for Determining the
connection 11| ASTM 13 2013 | Forces for Disassembly of Modular Acetabular
Devices
Standard Test Method for Dynamic
| ROMand 11| ASTM 2562 2020 | Impingement Between Femoral and Acetabular | Acetabular cup
mpingement 20 i
Hip Components
F1147- Standard Test Method for Tensile Testing of
12| ASTM 05 2017 Calcium Phosphate Coatings and Metallic
. Coatings stem/acetabular
Adesion o5
13l 150 13779- 2002 Implants for surgery — Hydroxyapatite —
4 Determination of coating adhesion strength
Head Burst 141150 1149112017 Determination of 1r.np.ac't resistance of ceramic Head
femoral heads for hip joint prostheses
Figure 1
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5.  Search Strategy

No formal literature search was conducted on the basis that the question could be better answered on the basis of current registry data
answering this topic. The impression was that a formal search will not give more evidence to this answer.
Therefore, a research of national registries was carried out, trying to extrapolate the failure rate directly linked to implant breakage.

Range RIPO Emilia Romagna I:IB:)* Germany N?:::Ia No:\:vay Sweden Uk Z;T::d Australia
cementeduncemented
1% of % of %o o T of 1% of % or T ar
Diagnosis in revision o (% or”_u_mber number of | number of |MUMber of | number of | number of | (% of number | pumper of number of | rumber of
of revisions) revisions) | revisigns) | revisions) | revisions) | revisions) | of revisions) | royisipns) | FEVisions) | revisions)
Loosening of acetabulum componer 15.6-30.9 30,8 18,1 156 22,8 30,8 217
Loosening of femur component 8.1-31.1 13,3 10,8 109 18,9 31,1 81 292 17,2
Loosening total aseptic 3.3-18.3 18,3 7,0 33 240
Loosening septic 1.1-60.4 1,1 88 15,2 19.1 6.5 60,4 4.7 12,3 12,2
Loosening aseptic 26,2 26,2
Prosthesis breakage* 1.8-5.2 | ofprosth breakage 52 35 1,8 2,5
Primary instability 07 07 216
Prosthesis dislocation 9.2-19.0 92 13,9 11,7 19,0 8.3 16,2 16,7 12,0 18,6 !
Inlay wear 42-18.0 42 18,0
Wear 31-92 82 81 3 92
Metallosis 08 08
Femur fracture 3.7-13.2 12,3 10,9 13,2 37 10,7 12,5 104 12,5
Acetabulum fracture 02 0,2 ! 21,2
Bone fracture 71 71
Pain 17-152 1.7 56 6.4 36 15,2
Trauma 0,2 0,2
Osteolysis acetabular (no loosening 16 1,6
Osteolysis femur 1.9 1,9
Lysis 09-89 27 0.9 8.9 21
Caondition after removal 9,2 9.2
Girdlestone situation 2155 5.5 2.1
Two steps prosthesis removal 50 50
Symptomatic mom bearing a7 3,7
Previous prosthesis removal 16 1,6
Malalignment 1.6-3.2 1,6 3,2
Adverse reaction to particulate debr{f 78 7.8
Peri-articular ossification 05-1.8 05 1,8
Progression of arthrosis 03 03
Disease progression 0.1 0.1
Head-socket size mismatch 03 0,3
Missing information 0,4 0,4
Other 0.0-11.7 1.5 74 10,5 11,3 42 46 0,0 38 11,7

*= one patient may have more than one reason for revision or re-surgery. As such the total proportion is over 100%
*= Djseases are not mutually exclusive

According to the registry the mechanical failure of THA implants varies from 1.8 and 5.2%, but only the registry RIPO has detailed
analysis of incidence of component failure and due to historical reason has been highly impacted by the presence on its territory by
modular neck stem failure.

This isin contrast to published data on pooled worldwide arthroplasty register the incidence of implant fractures in total hip arthroplasty
is very low at 304 fractures per 100,000 implants (1).

Range RIPO Emilia Romagna [T Germany Netherlal/[Bopy Sweden Uk —— Australia
Italy™ nds * *=* Zealand
cementeduncemented
(% of (% of 7% OF 7% of 7 of (% of 76 of % of
Diagnosis in revision o {%ofn.u.mber number of | number of |UMDber of | number of | number of | (% of number number of number of | number of
of revisions) revisions) | revisions) | revisions) | revisions) | revisions) | of revisions) | reyicigns) |FEVISions) | revisions)
Prosthesis breakage™ % of prosth. bieakage 52 28 1,8 25
maodular necks (% of Prosthesis break 344 1.8
liners (% of Prosthesis breakage) 222 1,2
heads (% of Prosthesis breakage) 1852 14,5 08
stems (% of Prosthesis breakage) 12,3 06
cups (% of Prosthesis breakage) 123 0.6
liner and head (% of Prosthesis breakg 1,7 a1
not specified (% of Prosthesis breakag 23 ad
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6. Rationale

After the analysis of the principal (ISO and ASTM) existing International Standards (IS) that describe static and/or dynamic tests for THA,
it is assumed that the actual ISO and ASTM IS, are adequate for this purpose and that they cover all aspects for static and dynamic testing
under simplified loading conditions.

An exhaustive list of IS that describe tests under simplified loading conditions to verify the ability of a THA device (single device or a
combination of devices) to withstand static or repeated load application has been listed in Figure 1.

A detailed analysis of the National registries has shown that only a minimal percentage (between 1.8% and 5.2%) failures is linked
to implant breakage. This confirms that the actual standards seem to be adequate to test the mechanical properties of the implantable
components and assemblies.

Unfortunately, most registries do not generally report a detailed implant failure categorization and for this reason it is impossible to
extrapolate data that could be associated with a specific IS but globally it seems that breakage of implant does not represent a significant
problem today, demonstrating the adequateness of the required tests.

In general, the applied load condition is a crucial aspect for mechanical tests. Specific load levels and acceptance criteria are specified
by IS only in some Tests (i.e. ISO 7206-6).

For all static and Dynamic test, where the IS are not imposing a load value, we think that load condition has to be well justified and
documented. If not possible of course a comparison test with other marked devices are fundamental to support adequate performance.

Even if for the hip, the analysis of Bergmann et al. provides a generally well accepted view as to whether the standards impose relevant
and adequate loads (2), it is believed that most standards are only valid to a certain degree, regarding the clinical application of use.

However, historically, implant failures were used to adjust the standards in terms of static and dynamic loading conditions to evaluate
the fatigue performance. For this reason, the current standards seem to address the clinical requirements sufficiently.

Another important point is represented by the number of cycles required for a fatigue test.

The number of applied cycles can be debatable and even if the majority of the IS required at least 10 mio cycles, considering 2 mio
cycles represent a year of activity. Bergmann et al. have demonstrated that for an active patient 10 mio cycles represents only 3.9 years (2).
Considering the fact that there is an increasing global tendency of operating younger patients, 10 mio cycles can be limited if compared
to the expected lifetime of an implant related to young patients.

Probably these considerations should lead to an increase of the number of cycles above 10 mio for fatigue tests for some products that
are designed specifically for young patients.

Two very important aspect that could influence the mechanical performance of an implant is linked to the tolerance of coupled
components, and its surface finishing. For this reason, all surgical instruments that could influence this characteristic should be considered
within the mechanical test protocol.

As an extreme example, which is well documented by R. Sonntag et al, the usage of an electrocautery in proximity of an implant can
cause damages that can reduce implant fatigue strength (3).

Clearly, it is debated whether the electrocautery is to be considered an integral part of the surgical instrumentation, nevertheless with
this example it can be demonstrated how an alteration of the implant surface can alter the mechanical characteristics.

Because the instrument could adversely compromise the mechanical performance of the implant, a risk analysis must be conducted to
evaluate its potential influence to compromise the mechanical performance of the implant.

If there is a minimal probability that the usage of a surgical instrument could influence the performance of the device, the test protocol
should consider this aspect.

It is believed that the existing standards are covering the mechanical evaluation of an implant well and for this reason no different
methods are suggested. Sometime a non-standardized method is more adequate to evaluate a particular characteristic, but this should
represent only an add-on to the existing IS.

In general, the environment prescribed by the standards (saline, solution, bovine serum etc.) creates a relevant condition, regarding
the fretting or corrosion induced fatigue failures. More information regarding this aspect can be found in EFORT Consensus Statement
13 - Modularities [ Interfaces.

7. References
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1. Abstract
Question: Mechanical component testing TKA

Part 1

Are there standard methods to establish that the implant will withstand the endurance habitual and
peak loads that must reasonably be expected (i.e. single implant parts as well as complete arthroplasty
combination)?

Q1: Which standard methods/tests according to norms are required for CE registration?

Q2: What validity do they have with regard to the clinical use?

Q3: Is it necessary to take into consideration the instrumentation in this process?

Part 2

Are there additional test methods to establish that an implant will withstand the endurance habitual and
peak loads that must reasonably be expected (i.e. single implant parts as well as complete arthroplasty
combination)?

Q1: Which additional/new test methods can reasonably complement the TKA tests according to norm?

Q2: What validity do they have with regard to the clinical use as opposed to the standard tests?

Part 3

Are there additional numerical test methods to establish that an implant will withstand the endurance
habitual and peak loads that must reasonably be expected (i.e. single implant parts as well as complete
arthroplasty combination)?

Q1: Which supplementary steps (methods) are imaginable to further close the gap between pre-clinical and clinical application (e.g.
use of a numerical simulator or comparative testing with established products)?

Q2: What are methods that simulate the in vivo conditions for load testing of implants in order to gain information about biological
impact on material properties?

Summary | Recommendation:
Part 1

The existing standards for testing knee joint implants were found to be fully technically feasible and clinically relevant. In addition, the
urgent need for further standards was identified (see also Part 2 and 3 of this Statement).

There is a principled need to include instrumentation in pre-clinical testing. Several aspects are important here: On the one hand, the
direct interaction of instrument and implant, such as the potential damage to gliding surfaces by impact instruments. On the other hand,
indirect influences such as the alignment or the generation of third-body particles on the wear of the implant. Last but not least, the
stability of the surgical instruments in the operating room and their correct applicability is of decisive importance for long-term success.

Part 2

Various types of clinical failure modes can be addressed in pre-clinical testing by tests not standardized as well as by improvements of
standardized tests.

Standardized wear testing of TKR simulates level walking under clean lubrication conditions. Testing under increased and varying loads
derived from daily living activities as well as third body particles such as bone cement is known to enhance wear and shall be regarded for
pre-clinical testing. The distinction between backside wear and regular wear can be crucial in understanding particle sources.

The primary strength of cemented and uncemented TKRs is crucial for the long-term anchorage of the implant and thus for clinical
success. Micromotion, as well as bone-cement adhesion strength, shall be investigated pre-clinically. Please see EFORT Consensus
Statements 15 and 16 for detailed information.

The selection of the correct implant sizes or size combinations is usually not specified in the standards and requires an in-depth worst-
case analysis. Please see also EFORT research topic 11 and 12 - Size range and anatomical design.

Fretting corrosion as well as biological degradation and corrosion are known clinical failures and also need to be investigated in
preclinical testing.

Part 3

Q1: In silico methods (e.g. Finite Element Analysis - FEA) are an important complement to established preclinical testing methods. In
terms of patient safety, FEA can make an important contribution to the selection of the worst-case implant size or its worst-case load
application. Each FEA shall be performed under the conditions of the procedure described in ASME VE&\V40. The calculation by means of
FEA does not replace final physical testing in any case.

Testing of a reference device is a proven method to establish implant safety. The lack of generally accepted acceptance criteria as
well as the lack of transferability of test results between different test laboratories in some cases makes reference testing sometimes
unavoidable. Since the procurement of reference products is fraught with great difficulties, the definition of general acceptance criteria
must be accelerated and the comparability of test results increased.

|  Research Topic 5
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Q2: Most of the materials used for knee arthroplasty are bioinert. Aspects of corrosion are described in detail under EFORT research
topic 13 - Modularities/interfaces.

No scientifically generally accepted method is currently available for the aging of polyethylene in vivo. The most promising approach
at present consists of squalene conditioning before oxygen aging according to ASTM F2003.

2. Level of Evidence
NA/Moderate

3. Consensus Delegate Vote
Part 1

98% - unanimous, strongest consensus (98% agree [ 2% disagree | 0% abstain)

Part 2

91% - super majority, strong consensus (91% agree / 3% disagree / 6% abstain)

Part 3

95% — unanimous, strongest consensus (95% agree / 2.5% disagree [/ 2.5% abstain)

4. Part 1
a. Graphical Abstract

b. Search Strategy

For the third sub question of Part 1, the following search strategies were applied:

A pubmed (MEDLINE) literature review with the keywords ((knee) AND (instrument)) AND ((particle) OR (debris)) did reveal 133 results.
A total of four papers have been found relevant.

A pubmed (medline) literature review with the keywords ((hip) OR (knee) AND ((instrument*) OR (tool*)) AND (intraoperative*) AND
((scratch*) OR (surface damage) OR (crack*))) did reveal 86 results. None of the papers has been found relevant for the topic. Therefore, the
expert group has been asked to provide references known to be relevant to the topic.
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C. Rationale
Which standard methods/tests according to norms are required for CE registration and

what validity do they have with regard to the clinical use?

The group did not identify any superfluous test standards intended for pre-clinical testing of TKR. The upcoming revision of 1SO 21536:2007
will provide a summary of ISO as well as ASTM standards available and regarded as essential for pre-clinical testing of TKR.

Bearing (Tibial Insert) Endurance and
Deformation Under High Flexion

Test standard Title Implant type | Clin | Notes
applicable
ISO 21536:2007 | Non-active surgical implants — Joint replace- ALL NA | Includes summary of the tests listed
ment implants — Specific requirements for in this table
knee-joint replacement implants
ISO 14879:2000 Implants for surgery — Total knee-joint ALL but 1.2 Tibial tray fracture has rarely been
prostheses — Part 1: Determination of not UC or reported in modern TKA. The pre-
(ASTM F1800- endurance properties of knee tibial trays monobloc clinical acceptance level of 900N
19el) tibial (see ISO 21536) seems to be too
component low for stem type designs and too
high for peg type designs’.
ASTM F3140-17 | Standard Test Method for Cyclic Fatigue ucC 4 Fatigue fracture of the femoral com-
Testing of Metal Tibial Tray Components of ponent has been reported also®.
Unicondylar Knee Joint Replacements
ISO 14243-1:2009 | Implants for surgery -- Wear of total knee-joint ALL 6 Simulated ligament stiffness has
prostheses -- Part 1: Loading and displacement been modified in 2009. Wear data
parameters for wear-testing machines with measured by the previous standard
load control and corresponding environmental can not be used for comparison.
conditions for test
ASTM F3141-14 | Standard Guide for Total Knee Replacement ALL NA | To be used in combination with
Loading Profiles TKR wear testing.
ISO 14243-2:2016 | Implants for surgery -- Wear of total knee-joint | NA NA | Supplemental information to ISO
prostheses -- Part 2: Methods of measurement 14243-1 and -3
ISO 14243-3:2014 | Implants for surgery -- Wear of total knee-joint | ALL butnot | ° The sign convention for ap-
prostheses -- Part 3: Loading and displacement | FA displacement was changed in the
parameters for wear-testing machines with 2014 version of this standard. Wear
displacement contrql gnd corresponding data measured by the previous
environmental conditions for test standard can not be used for
comparison.
ASTM F2723-21 | Standard Test Method for Evaluating Mobile ALL 78 Standard for MB but useful for FB
Bearing Knee Tibial Baseplate/Bearing also.
Resistance to Dynamic Disassociation
ASTM F2722-21 | Standard Test Method for Evaluating Mobile MB with o none
Bearing Knee Tibial Baseplate Rotational Stops | rotational stop
ASTM F2724-21 | Standard test Method for Evaluating Mobile MB 7 Often referred to as “spin-out” or
Bearing knee Dislocation “spit-out” test
ASTM F1814-15 | Standard Guide for Evaluating Modular Hip ALL with 10 See research question 8 also.
and Knee Joint Components modular
connections
ASTM F1223-20 | Standard Test Method for Determination of ALL NA | none
Total Knee Replacement Constraint
ASTM F2083-21 | Standard Specification for Knee Replacement ALL NA | Standard includes test parameters
Prosthesis for contact pressure also.
ASTM F1672-14 | Standard Specification for Resurfacing Patellar | ALL TKRs NA | Standard includes test parameters
Prosthesis with patella for contact pressure also.
surface
replacement
ISO 14243-5:2019 | Implants for surgery — Wear of total knee PA 1 none
prostheses — Part 5: Durability performance of
the patellofemoral joint
ASTM F2777-16 | Standard Test Method for Evaluating Knee ALL 12 none
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The question of the mandatory application of a standard was linked to its clinical relevance and presented in tabular form. In this
context, the associated clinical damage cases were included as examples via a literature reference. The referenced literature does not claim
completeness and serves as an introduction to further analysis.

Several additional tests such as fatigue loading of femoral condyles, third body particle wear, tibial post fatigue, and contact pressure
are under development. These tests are already available as state-of-the-art but have not yet been implemented in test standards.

All testing standards are based on clinical failure mechanisms and were mostly developed after the fact. For this reason, the question is
not one of clinical relevance but of the predictive power of the procedures, especially in view of future designs and materials. Standardization
authorities are urged to increase the speed of development in order to convert procedures known in the literature into test standards.

Abbreviations used

TKR  Total knee replacement, MB Mobile bearing
FA Fixed axis FB Fixed bearing
UC  Unicondylar PA Patella replacement

Is it necessary to take into consideration the instrumentation in this process?

The influence of instruments on the clinical outcome of a TKR is not described in the literature in an overarching manner. Therefore, a
more focused literature review based on known failure modes has been performed but also found not expedient (see literature search).

Surgical instruments are known to generate metal particles which can increase the wear rate. Three papers™ ' do describe the
generation of metal particles by oscillating saws and cutting blocks. The authors point out that the metal particles generated by the
instruments can enter the articulation and thus enhance the wear rate of the implant leading to aseptic loosening. One paper'® describes a
corresponding effect found for the revision of an uncemented trabecular metal implant. Further literature13-15 describes the generation
of metal particles by oscillating saws and cutting blocks. The authors point out that the metal particles generated by the instruments can
enter the articulation and thus enhance the wear rate of the implant leading to aseptic loosening. One paper16 describes a corresponding
effect found for the revision of an uncemented trabecular metal implant.

In conclusion, the generation of metal particles by oscillating instruments is to be expected in general but is not specific for certain
implant/instrument combinations. The sensitivity of a TKR to particle contaminations shall be investigated in general (see EFORT Consensus
research topic 7 to 10 - Biotribology).

Surgical instruments are also known to damage implant surfaces when not used carefully. A pubmed search was performed to identify
relevant references (see literature search strategy). Vanlommel et al.”” did simulate the clinical impaction of CoCr as well as an Oxidized
Zirconium

(OxZr) femoral components and found no increase in surface roughness at the impaction area. Burnell et al.”® did analyze posterior
surface damage of OxZr femoral components and found surface damage due to intraoperative contact between the femoral component
and the tibial tray and concludes that manufacturers should supply the proper instrumentation to prevent this type of damage. In a meta-
study performed by van Hove'®, the sensitivity of TiN coatings to surface damage caused by improper use of instruments is highlighted.
In conclusion: No evidence for the failure of a specific instrument/implant combination has been found. In general, damage to surface-
modified implants must be avoided by proper instrumentation and training.

The aspect of implant alignment and wear is discussed in Part 2 and 3. Generally speaking, it should be noted that the instruments
provided have a significant impact on the accuracy of implantation and thus implant wear®®?' and may need to be the target of a
preclinical investigation.

The same applies to the use of an electrocauter which may lead to damage of implant surfaces causing implant fracture or increase of
the wear rate??,
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5. Part 2
a. Graphical Abstract

b. Search Strategy
NA

C. Rationale

Wear
Heavy-duty load cycles

Wear testing of TKR according to ISO standards based on level walking is an appropriate method to compare the wear behavior of implant
designs. However, different clinically reported failure mechanisms could not be replicated by simulating just level walking®.

Taking daily activities into account in the wear loading protocol by alternating different high demanding activities (see ASTM F3141
also), combined with artificial aging of the polymers (see ASTM F2003 and squalene aging25), it could be shown that the level of wear
characterization can be increased substantially. A replication of clinically relevant failure modes like delamination of the polymeric
components is possible?®?’. This method can also be used for the evaluation of the cement-implant interface.

A detailed rationale for wear testing under high demanding activities is given under EFORT Consensus research topic 7 to 10 -
Biotribology.

Third body wear debris

Third body particles released from bone cement or surface coatings are known to increase the in-vivo wear rate and thus reduce the
implant life?. The influence of third bodies on the wear rate can be determined in the laboratory®. There are two methods for pre-clinical
testing: The addition of particles to the test fluid and roughening of the components prior to testing. The advantage of the former method
is that it can also be used to investigate coatings and new materials.

ASTM is currently developing a standard for in vitro testing in which alumina particles® of size 100um and 300pm are proposed at a
rate of 2mg every 0.5 million cycles.

Misalignment
The alignment of TKA components could vary due to presurgical alignment, the accuracy of the surgical instrumentation and due to patient
factors, such as soft tissue balance. However, this alignment conditions, which are different from ideal are more often than not clinical
reality, could have a significant effect on the kinematics and wear and thus on the anterior knee pain, instability or aseptic loosening.

In terms of evaluation for robustness of TKA designs a wider range of component alignment conditions could be investigated by
experimental? or computational approaches®.
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Backside wear of tibial inserts

25-30% of the total wear may be related to backside wear with smaller particles compared to articular wear particles 32. However, the
analytical approach is challenging and as backside wear is part of the overall wear (including the backside wear particles) a separate
analysis of backside wear does not appear to be mandatory. Nevertheless, if backside wear should be evaluated in particular, appropriate
methods are available®.

Primary stability

Tibial and femoral cement adhesion

Primary stability of cemented implants is discussed in more detail in the EFORT Consensus Statement 15, but a brief summary is given here.
Debonding of the femoral and tibial implant-cement interface debonding may lead to early failure, even when this may not be evident
from radiographs®. Test methods exist to evaluate the bonding strength between bone cement and the implant surface. Evaluation of
interface debonding in full reconstructions is mainly performed through physical testing in which the pull-off strength of tibial®** and
femoral®*® reconstructions is compared. Although pull-off or push-off testing configurations are not representative for in vivo loading
conditions, they do allow for qualitative comparisons between implant systems. Contamination of the interface with marrow, fat, or
blood have a significant effect on cement adhesion to the implant*’. Computational modeling using finite element analysis can provide
insights into implant-cement interface debonding38, but the validity of such simulations depends on the quality of the input parameters
characterizing the strength of the bond between the implant and the cement.

Primary stability of cementless implants

Primary stability of cementless implants is discussed in more detail in the EFORT Consensus Statement 16, but a brief summary is given
here. Primary stability of cementless implants is a prerequisite for obtaining secondary stability through growth of bone on and into the
implant surface. Animal studies have demonstrated that osseointegration of the implant depends on the micromotions at the interface,
with micromotions exceeding 150 pm leading to the formation of a soft tissue layer that may obstruct secondary fixation®. Mechanical
testing therefore mainly focuses on the measurement of implant-bone interface micromotions under loading conditions replicating
activities of daily living. Reconstructions are made either in cadaveric® or synthetic*' bone, the former providing conditions that closely
approximate the clinical setting, while the latter minimizes inter-specimen variability. Finite element modeling allows for evaluation of
micromotions over the full implant surface, including locations that are not visible in experimental testing*. Important input parameters
to these models are the coefficient of friction, the amount of press fit (or interference fit), and (non-linear) material properties of the
implant and bone.

Implant sizes and worst-case analysis

Testing of TKR is typically based on the worst-case approach. A distinction must be made between the testing of individual components
and the combination of components. For individual components, maximum stress is the dominating factor for most tests. The correlation
between implant size and patient weight is described as only moderate ** which means that a reduction of the load for small sizes is
not permissible. Finite Element Analysis (FEA) is a efficient tool to pre-select the implant size to be physically tested. Currently there are
two specific FEA knee standards available: ASTM F3334 to simulate tibial tray fatigue (ISO 14879 and ASTM F1800) and ASTM F3161 to
simulate knee femoral components under closing conditions (ASTM physical test standard upcoming).

Wear testing is historically performed on the mean size of the implant system as wear test standards such as ISO 14243-1 are based
on loads and soft tissue constraints of average patients. Under this aspect, the combination of implant sizes might be important: In
some systems, for example, a tibial component can be used with several femoral components. This also applies to the use of a patella
replacement with multiple femoral implant sizes. In this case, physical testing of multiple combinations is necessary.

Fretting corrosion, degradation and biological corrosion

Fretting corrosion, degradation and biological corrosion are not unique for TKR. Please see EFORT Consensus Statement 4 as well as 13
and 14 for further information.

Static and fatigue fracture

Fatigue fracture of femoral components Uni and bicondylar) has been observed clinically and is not currently captured in preclinical testing
via standardized testing**“*>. Currently, a corresponding standardization procedure exists at ASTM. Static fractures have been observed
during impaction of ceramic femoral components and are also the target of ASTM standardization currently underway*?22, Currently,
a corresponding standardization procedure exists at ASTM. Static fractures have been observed during impactation of ceramic femoral
components and are also the target of ASTM standardization currently underway*®.
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6. Part 3
a. Graphical Abstract

A: Static Structural
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b. Search Strategy
NA

C. Rationale

Which s_upﬁ)lementa_ry steps (methods) are imaginable to further close the gap between
pre-clinical and clinical application (e.g. use of a numerical simulator or comparative
testing with established products)?

Numerical simulation of implants (“in-silico") is of increasing importance for pre-clinical testing. On the one hand, it can provide knowledge
about the complex load application in vivo*’; on the other hand, it allows direct comparison between different implant sizes or implant
combinations*#°. One of the fundamental problems of FEA is that the calculation leads to a result in almost any case, but the reliability of
the results is often difficult to judge. To increase the reliability of an FEA, it must be performed based on ASME VE&V40% which describes
the principles of verification and validation. Based on this standard, the ASTM F3334 and F3161 test specifications provide applications
for components of a TKR.

The in-silico method has two major limitations in the field of knee arthroplasty: On the one hand, the calculation of the implant
fatigue strength is not aggravated by the lack of known material properties for modified implant surface (coatings, structured surfaces) or
manufacturing depending on variations in the alloy microstructures, on the other hand, the complex interactions of multiple parameters
that define the wear behavior of a TKR could not be predicted satisfactorily so far®'. In summary, FEA has proven to be a valuable tool for
determining the worst-case implant but is not a substitute for subsequent physical testing.

One method that has been used by the FDA for some time already, is the testing of a "reference device”, i.e. a reference product that
has proven itself insufficient and safe clinical use. This approach has the advantage that the comparability of measured values between
different testing laboratories is not of importance. On the other hand, the procurement of comparative implants occasionally presents
smaller manufacturers in particular with insurmountable obstacles. In the medium term, the quality of test results must be improved by
improving the standardization, training, and technical equipment of testing laboratories to make multiple (reference) tests obsolete.
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What are methods that simulate the in vivo conditions for load testing of implants in
order to gain information about biological impact on material properties?

Metallic and ceramic implant materials are largely bioinert. Inflammatory cell-induced corrosion (ICIC) has been detected on metal
retrievals®? but the impact on implant structural stability and loosening is unknown. Further information on implant corrosion can be found
in EFORT research topic 13 and 14 - Modularities/interfaces.

Polyethylene materials are known to reduce their material properties under in-vivo conditions. In particular, standard UHMWPE gamma
sterilized in air shows significantly reduced fatigue strength and wear resistance®. Modern polyethylene such as vitamin E polyethylene
show clinically significantly better aging behavior54 but the pre-clinical methods to investigate the aging behavior are still under
discussion:

The test standard ASTM F2003 describes oxygen aging under elevated temperature and pressure for two weeks. A study performed by
Grupp et al.*® did show reduced wear rates for modern polyethylene but oxidation bands have not been found to correlate to retrievals.
Corresponding results have been published by Oral et al. even when extending the aging period*®.

Accelerated aqueous (PBS or distilled water) aging at a temperature between 37 and 60°C has been found to correlate to oxidative
patterns encountered in vivo®” for some polyethylene materials.

Accelerated aging methods incorporating lipid absorption (squalene) combined with the previously mentioned oxygen aging method58
are a promising method to replicate the in-vivo aging of new polyethylene materials®*¢* and are expected to become a standard
procedure in the future.

The current standardized method for aging according to ASTM F2003 is considered insufficient for polyethylene in clinical use. An
improvement of the standard is currently under development.
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1. Opening Comments

Mechanical implant failure has clinically become a minor concern. This was made possible by the improvement of the pre-clinical testing
methods and the awareness in the industry that testing beyond the "necessary” standards is required to prevent mechanical failures
after the introduction of a new implant. It has to be emphasized that the evolved testing methods have allowed to prevent many
implants from entering the market.

Most problems occurring clinically are related to the interface between the implant and bone or implant and cement. This is difficult
to address sufficiently by pre-clinical testing. In this field further improvements are needed, as are improvements needed simulating the
variations in the surgical processes between users.

2. Abstract
Question: Mechanical component testing

How can be established from a clinical perspective that the implant will withstand the endurance habitual and peak loads that must
reasonably be expected (i.e. single implant parts as well as complete arthroplasty combination)?

Summary/Recommendation:

Presently catastrophic implant failure as the origin of clinical failure is rare as long as the implant is loaded according to its designed
purpose, especially with respect to the load transfer between implant and bone. Aspects to be considered are:
e The execution of established and standardized pre-clinical testing methods for the determination of strength and endurance
properties are the essential basis for successful pre-clinical assessment. These have to be performed under physiological conditions
(i.e. considering the pH-value in the body and potential corrosion processes, especially for implants with interfaces such
as modular implants - see also Consensus Statement 13: Modularities | Interfaces) and worst-case size combinations (e.g. based
on FEA).

e The combination matrix for implant systems (size range of component 1 compatible with size range of component 2) has to be
respected in the clinical application to avoid failure due to overloading (e.g. for TKA components to find suitable size combinations
and avoid failure of PE inserts due to mechanical overloading).

e Systematic analysis of retrieved implants from clinical studies and specific cases (even if the reason for retrieval was not mechanical
failure, the retrievals could be analyzed for potential signs of fatigue)

e Careful analysis of registry results (especially for combinations) and their association with patient characteristics and the respective
results from pre-clinical testing.

e |f implants are used in a mix&match combination, which is typically not tested pre-clinically, the potential influence of this
combination on overall survival is difficult to assess since frequently not both manufacturers are notified of adverse events. This is
one more justification for public registries.

3. Level of Evidence
High

4, Consensus Delegate Vote

90% - super majority, strong consensus (90% agree | 3% [ 7%)

5. Graphical Abstract
N/A

6.  Search Strategy
N/A

7. Rationale

1. Which clinical examples of systematic mechanical implant failure are known from the past which
could have been eliminated today by applying modern [ up-to-date pre-clinical testing methods?
® The reason for clinical implant failure is predominantly due to failure of the interface between bone and implant or cement and
implant or cement and bone associated with corrosion or wear products or mechanical impingement (1).
e (Catastrophic implant failure is also seen at modular junctions of implants due to corrosion (2-4).
e Early [ mid- / long-term catastrophic mechanical implant failure such as component fracture due to long term repetitive loading

without detectable biological or corrosive cause are rare (e.g. mobile bearing tibial insert fracture (5)) due to the pre-clinical testing
capabilities, which identify most problematic components.
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e Meta-analyses regarding the duration in vivo until failure and the rate of failure are extremely rare (4). The incidence of implant
fractures in total hip arthroplasty in pooled worldwide arthroplasty register datasets is very low at 304 fractures per 100,000
implants (6,7). This is the consequence of the good established pre-clinical testing methods. However, this rate might be higher for
specific designs.

2. How is it possible in clinical applications to identify insufficient mechanical characteristics, i.e. is it
possible to identify clinical implant failure as undeniably associated with poor endurance properties of
the implant?

® Only if the implant fails catastrophically in the patient, which could also be due to the loading situation in the patient and not the
poor characteristics of the implant (e.g. diaphysal fixation of a stem intended for proximal fixation).

e Only if the implant fails catastrophically and “catastrophic” loading situations / e.g. trauma or car accidents can be excluded

e Potential surgery or implant combination related factors (e.g. damage to the stem taper (8), damage to an implant by spark
transition of high frequency instruments (9-11), insufficient assembly force (12), mismatch of sizes (13, 14) can significantly reduce
the fatigue fracture toughness.

¢ Clinical mechanical implant failures of approved implants undeniably associated with the implant itself can only be identified by
registries which eliminate the surgeon bias.

3. How to differentiate between mix and match or mismatch?

e Mix&match: combination of nominally fitting components but not approved by the respective manufacturers - can
be clinically successful as shown in the registries (15).

e Mismatch: combination of nominally NOT fitting components (non-compatible) not approved by the manufacturer. Does not always
lead to immediate failure. If failure occurs it can be directly related to the combination (e.g. clear geometrical or size mismatch)
(13)

® Working group 2 is addressing this issue in full detail.
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1. Abstract
Question: Biotribology

Can standard test methods in total hip and knee arthroplasty (THA, TKA) show that the planned articulations enable the function of the
joint replacement throughout the expected implant lifetime without producing a critical amount of wear?

1. Which standard test methods according to standards (ISO, ASTM) are required for registration of an implant?
How meaningful are they for the actual clinical application?

Summary | Recommendation:

Standards for pre-clinical testing of wear and biotribological behaviour are particularly useful in comparing performance and function of
new implants (under development) with existing substantially equivalent implants with clinical history. Appropriate clinically established
devices should be chosen with similar articulation materials and same basis of similarity in design (i.e. cruciate retaining, sacrificing or
posterior stabilized TKA implants), with a clinical history of between 5 and 10 years recorded through registers or trials should be used to
demonstrate equivalence or improved performance of the new device. Current ISO 14242 and I1SO 14243 standard test series are applied
over two decades, are in continuous use in numerous laboratories and have been validated for their prediction of clinical behaviour.
Performance data from n = 257 wear simulation studies from four different laboratories has been reviewed, including the majority of
today's clinically long-term successful THA and TKA implant designs and bearing materials. Considering the upper 75% percentile level for THA
articulations with conventional polyethylene (CPE n = 112 studies) and highly cross-linked polyethylene (XLPE n = 53 studies), a reasonable
threshold of 30 mg/million cycles for CoCPE, of 40 mg/million cycles for MoCPE and of 5 mg/million cycles for CoXLPE as well as for MoXLPE can
be recommended (Fig. 1). For TKA CR and PS implant designs with CPE gliding surfaces, a reasonable threshold is given at 25 mg/ million cycles,
performing knee wear simulation according to SO 14243-1:2009 under load control (Fig. 2). Measuring average wear rates in THA 1SO ISO 14242-
1:2014 or TKA ISO 14243-1:2009 wear testing above the recommended thresholds in the four laboratories from where the data was collected, an
optimisation in implant design, bearing material, manufacturing tolerances and/ or surface quality should be undergone. Considering the current
unsatisfactory reproducibility and repeatability of wear results between some laboratories, these thresholds cannot be applied to tests undertaken
in other laboratories, where differences in methods, test equipment or staff experience in biotribology may produce different wear rates. In other
laboratories, comparison to data from a substantial equivalent device with clinical history in the same laboratory is needed for comparison.

2. Level of Evidence
Moderate

3. Consensus Delegate Vote

98% - unanimous, strongest consensus (98% agree | 0% disagree [ 2% abstain)

4. Graphical Abstract
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Figure 1: Wear rates (median, 25% & 75% percentile) of n=165 THA wear simulation studies according to ISO 14242-1
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Figure 2: Wear rates (median, 25% & 75% percentile) of n=63 TKA wear simulation studies according to ISO 14243-1 & IS0 14243-3

5. Search Strategy
Manual search was performed focused on ISO and ASTM standards related to biotribology by some expert delegates, being part of
the responsible ISO/TC 150 SC1, SC4 & SC5 technical committee's and the ASTM Committee FO4 “"Medical & Surgical Materials &
Devices".

By the expertise given in the group additional publications dealing on ISO & ASTM standard wear testing and aspects of their
clinical validation were selected.

Potentially eligible articles were screened in detail for applicability and 61 articles were included in the references.

6. Rationale

Can standard test methods in total hip and knee arthroplasty (THA, TKA) show that the planned
articulations enable the function of the joint replacement throughout the expected implant lifetime
without producing a critical amount of wear?

Standards are helpful and useful for industry, researchers, healthcare providers, health requlators, competent authorities, notified bodies,
litigation bodies, the legal systems, the patients and the wider population and society. Standards are becoming increasingly important, not
just in regulation and approval for use but also in litigation, health and safety product liability and consumer protection laws. There is an
expectation that international standards are used by many industry sectors and many parts of society. Expert guidance and advice on use
of existing standards and development of new standards is critical.

How specific standards are used by manufacturers, industry and regulators will depend on the individual implant design approach, the
types of individual implant designs. The rational and how standards are used should form part of the implant design dossier and portfolio
submitted to the regulator and should inform the instructions and indications for clinical use and patient selection.

Standards for pre-clinical testing particularly wear and biotribology are particularly useful in comparing performance and function of
new implants (under development) with existing substantially equivalent implants with clinical history. Appropriate clinically established
devices should be chosen with similar articulation materials and same basis of similarity in design (i.e. cruciate retaining, sacrificing or
posterior stabilized TKA implants), with a clinical history recorded through registers or trials should be used to demonstrate equivalence
or improved performance of the new device to the reference device. A clinical history of between 5 and 10 years might be expected of
a reference device (substantially equivalent), unless the new device is so radically different to any existing devices in clinical use. The
use of pre-clinical testing standards in new product developments can substantially shorten the product development (design loops) and
evaluation time line, reduce the dependency and duration on having to undertake clinical studies or generate clinical evidence prior to
regulatory approval. They do not however reduce the value or need of post market surveillance.
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Many standard tends to evaluate performance or function under one standard or average (most commonly found) set of conditions.
Under that standard set of conditions the pre-clinical standard test or simulation might be expected to predict the function of the average
clinical implant (implant function in the average or most common conditions patients and surgeons). The pre-clinical standard test does
not predict the variation found in clinical implant functions associated with variation in clinical, patient or surgical conditions. The variation
in function found in standard tests does not reflect the variation in function found in the wider clinical population. Variation in function
found in the clinical population is frequently associated with variation in combinations of multiple variables and conditions. Variables that
influence clinical performance and the variation in clinical function include:

e Patient activity (level and type)

® Patient anatomy and gait and disease state

® Implant size

e Surgical positioning (rotation and translation) and relative alignment

® Soft tissue reconstruction

e Changes in soft tissue function post operatively.

® Imaging (weight bearing [non weight bearing) and changes in functional positioning post operatively and post rehabilitation
® Material ageing and degradation over time

e (Changes in bone geometry and properties over time

® Pseudo synovial fluid in the joint space, volume and composition

As well as combinations of all of above.

Standard tests cannot currently accommodate the variation in these variables, or combinations in the variation of these variables.
Therefore average values need to be set in standard tests (i.e. medium size TKA implants, level walking activity, duration 5 million cycles,
well aligned THA & TKA components). Where a specific average value cannot be agreed in the standard then a range for the input variable
should be set and a specific value chosen within the range by the manufacturer with which to compare the new product device with the
substantially equivalent device. The rational for the choice of the input variable should be provided in the test report and design dossier.

1 Which standard test methods according to standards (ISO, ASTM) are required for registration of an implant?

While there may be concerns about some existing standards, the value of current and appropriate new standards in wear and biotribology
cannot be underestimated. However, not all standards are of equal value and expert guidance and advice is crucially needed on the use
and interpretation of today's international standards.

ISO 14242-1:2014 & AMD 1:2018 Implants for surgery — Wear of total hip-joint prostheses — Part 1: Loading and displacement
parameters for wear-testing machines and corresponding environmental conditions for test. After two decades of widespread use of hip wear
simulation, validation against retrievals [1,2,3,4,5], in vivo measured wear [6,7] and a broad variety of clinically long-term successful materials
and designs [8,9,10,11], this standard is of high clinical relevance for all types of Ceramic-on-Polyethylene (CoP), Metal-on-Polythelene (MoP)
and Oxidized-Zirkonium-on- Polyethylene (OxZroP) THA articulations. It might be not really clinically relevant to test a Ceramic-on-Ceramic
(CoC) THA bearing under standard level walking conditions [12,13,14,15]. For CoC THA articulations wear simulation according to ISO 14242-
4 shall be performed. Large diameter Metal-on-Metal (MoM) hip articulations have not been considered within the consensus statement,
because it is much more complex to mimic their clinical behavior in wear simulation compared to CoP, MoP, OxZroP, CoC articulations.

ISO 14242-2:2016 Implants for surgery — Wear of total hip-joint prostheses — Part 2: Methods of measurement. This standard
describes the methodology of wear measurement, for THA wear simulation acc. to ISO 14242 Part 1.

ISO 14242-3:2009 & AMD 1:2019 Implants for surgery — Wear of total hip-joint prostheses — Part 3: Loading and displacement
parameters for orbital bearing type wear testing machines and corresponding environmental conditions for test. Orbital bearing type wear
simulation may be used for comparison to historical data, but is not fitting for the purpose to mimic in vivo wear behaviour and should
be withdrawn.

ISO 14242-4:2018 Implants for surgery — Wear of total hip-joint prostheses — Part 4: Testing hip prostheses under variations in
component positioning which results in direct edge loading. This standard is of high clinical relevance for all types of hard-on-hard THA
bearings [16,17,39] and considers a wider and more realistic set of clinical variables and conditions. For Ceramic-on-Ceramic (CoC) THA
articulations it is mandatory to simulate wear according to 1ISO 14242-4:2018 to include more severe in vivo conditions such as edge
loading, micro-separation etc. [12,13,14,15,38,39]. The clinical validation and clinical evidence to test a Ceramic-on-Polyethylene (CoP)
or Metal-on-Polythelene (MoP) THA bearing under edge loading conditions is not fully complete. As such this test may be considered as a
comparative test comparing the device under development to a predicate device with proven clinical history. Further advice on the use of
this test in combination with artificial ageing protocols is given in section 6B.

ISO 14243-1:2009 & AMD 1:2020 Implants for surgery — Wear of total knee-joint prostheses — Part 1: Loading and displacement
parameters for wear-testing machines with load control and corresponding environmental conditions for test. More than two decades
ago in vitro wear simulation was introduced to assess the biotribological mechanisms of total knee replacements under level walking
conditions [18,19,20,21] and on clinically proven knee implants of different design it has been demonstrated that articulation wear similar
to in vivo wear modes can be generated [22]. Experimental wear studies were carried out to optimise implant designs, contact mechanics
and articulation materials [23,24,25,26]. After two decades of widespread use of knee wear simulation under load control, validation
against retrievals [22] and a broad variety of clinically long-term successful materials and designs [10,11,43,46], this standard is of high
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clinical relevance for different types of knee replacements (UKA, TKA (CR, DD, UC, MS, PS, PS+), PS Revision varus-valgus stabilised,
Rotating hinge knees). Regarding the effect of knee joint laxity on wear and kinematics, Kretzer et al. [27] found that the relatively high
linear motion restraint given in the previous version 1ISO 14243-1:2002 does not represent adequately the in vivo conditions. They proposed
the use of an asymmetric non-linear ligament and soft tissue restraint model based and reported increased AP translation and IE rotation
in good agreement with clinical findings [28]. This has been considered in the current version ISO 14243-1:2009 by a more realistic soft
tissue restraint [29]. A limitation may be given that current in vitro knee wear testing is mainly focused on abrasive-adhesive surface wear
based on level walking test conditions and does not reproduce fatigue and delamination wear an essential clinical failure mode [29,30].

ISO 14243-2:2016 Implants for surgery — Wear of total knee-joint prostheses — Part 2: Methods of measurement. This standard
describes the methodology of wear measurement, for TKA, UKA wear simulation acc. to ISO 14243 Part 1 & Part 3.

ISO 14243-3:2014 & AMD 1:2020 Implants for surgery — Wear of total knee-joint prostheses — Part 3: Loading and displacement
parameters for wear-testing machines with displacement control and corresponding environmental conditions for test. After two decades
of extensively use of knee wear simulation under displacement control [20,21,24,30,31,32] and validation against a broad variety of
clinically long-term successful implant designs [10,11,47,50] this standard is of high clinical relevance and allows for knee bearing material
optimisations under defined test conditions (displacement control). It has also importance for suitable wear testing of some mobile bearing
knee designs not showing a relevant internal-external rotational movement pattern under load control (Part 1) test conditions.

ISO 14243-5:2019 Implants for surgery — Wear of total knee prostheses — Part 5: Durability performance of the patellofemoral joint.
The requirement is the completion of 50,000 cycles without failure, but it remains questionable if 50,000 cycles are enough to perform a
realistic destructive testing in regard to the clinical relevance. The polyethylene patellar component shall be artificially aged ahead testing.
Interpretation of the test results is somehow demanding as this is a destructive test and some authorities are not aware on this. In the
future it might be useful to develop a wear simulation for the patella-femoral joint.

ISO 17853:2011 Wear of implant materials — Polymer and metal wear particles — Isolation and characterization. Can only be used to
compare similar materials and does not predict or present evidence in relation to biological reactions. For new or substantially modified
materials it is of limited value and needs to be revisited and updated.

ASTM F2003 Standard Practice for Accelerated Aging of Ultra-High Molecular Weight Polyethylene after Gamma Irradiaton in Air.
The method has also shown to be validated for in vivo oxidation of CPE after gamma irradiation under nitrogen [7,33,34], but is not
representative of shelf or in vivo ageing of highly cross-linked or vitamin E stabilized polyethylene (see Consensus Statements regarding
Biotribology). For current polymers it is of limited value and needs to be revisited and updated.

ASTM F3047M Standard Guide for High Demand Hip Simulator Wear Testing of Hard-on-hard Articulations This standard describes
the specific test procedures for metal/metal, ceramic/ceramic and coated bearing couplings not covered by routine wear testing such as
ISO 14242-1. High inclination angles, third body particles, enhanced loading, stop-dwell-start and microseparation have been identified
as critical test conditions for hard-on-hard articulations. Further literature is referenced for the respective damage mechanisms.

General Advice on the application and use of these standards
The following general advice can be given for the input conditions in the standard tests, and which can be applied across most of the
standard tests.

e Clinically established reference devices, an existing approved device of similar nature (substantial equivalent) with minimum 5 and

preferably 10 years of clinical history as found in registries or clinical studies.

® Replicates: to obtain a consistent result considering the surrounding conditions of implant wear testing, a minimum of n = 3 + 1

(loaded soak control) specimen should be tested. For new materials, thin THA inserts or thin knee gliding surfaces n = 6 specimen
shall be tested.
e Positioning: in standard wear simulation one defined position shall be tested. Going forward standards for a wider range of implant
positions will be needed, as exemplified by ISO 14242-4.

e Test duration: five million cycles with preference to increase duration to 10 million cycles for new materials or thin THA inserts or
thin knee gliding surfaces (see 1SO 21535 & ISO 21536).

® Frequency: preference one Hertz with a range of 0.8 to 1.2 Hz.

e Protein concentration: range of 25 % to 50% bovine serum as specified by manufacturer or test laboratory (concentrations above
50% should not be used).

® Activity: standard walking

e Size: One size as defined by manufacturer or test house and design rational. In THA a comparative worst case testing (i.e. largest
intended diameter of a system) should be tested according to the ISO 14242-1 standard protocol. In TKA it is suitable to perform a
medium size in comparative testing.

e Ageing: devices tested as prepared in packaging and shelf life. Going forward accelerated artificial aged components should also be

incorporated into future standard tests (see Consensus Statement regarding Biotribology).

e Measurements/ outputs: wear, deformation (creep) and fatigue need to be determined as outputs and outcomes of standard tests

2 How meaningful are they for the actual clinical application?

In Hip and Knee Arthroplasty the biological response to wear particles released from polymer, metal and ceramic articulation bearing materials is
a key factor in peri-prosthetic osteolysis and subsequent implant loosening [35,36,37,38,39,40,41,42,43]. In the mid- to long-term (5- to 25-years
service in vivo) wear debris induced osteolysis and subsequent aseptic loosening is the main reason for revision [10,11,44,45,46,47,48,49,50].
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Current ISO 14242 and ISO 14243 standard test series are applied over two decades [1,2,3,12] and are now in widespread use in
numerous laboratories and have been validated for their prediction of clinically outcome [6,8,9,10,11,14,15,27,28,29,31,51,52,53,54,55,
56,57]. Pre-clinical testing results (wear volume and rate, head penetration, released particle sizes, shapes and distributions) have been
compared to clinical retrievals, in vivo wear measurements, clinical studies and registry data by quite a number of research groups in
Europe and worldwide. The authors are fully aware that a comparison of standard wear testing results between different laboratories, wear
testing machine types and procedures, wear measurement and particle analysis protocols is limited. For the evaluation of a new device a
comparison to a substantial equivalent clinical established reference device is necessary.

Having this in mind we reviewed and compiled performance data from n = 257 wear simulation studies from four different laboratories,
including diverse types and generations of wear simulators (Leeds, Endolab, Prosim, AMTI) for this consensus statement. Based on the high
number of completed wear studies (5 million cycles each, n = 3,4,5 or 6 specimen) the individual wear rates were plotted with median, 25%
and 75% percentile for THA (Figure 1) and TKA (Figure 2). Including the majority of today's clinically long-term successful THA and TKA implant
designs and bearing materials the following recommendations can be given. Considering the upper 75% percentile level for THA articulations
with conventional polyethylene (CPE n = 112 studies) and highly cross-linked polyethylene (XLPE n = 53 studies), an approximated reasonable
threshold of 30 mg/million cycles for CoCPE, of 40 mg/million cycles for MoCPE and of 5 mg/million cycles for CoXLPE as well as for MoXLPE
can be recommended (Figure 1). In THA the thresholds have been based on performance data for diameter 28 & 32 bearings, but in view to
further reduce the risk for osteolysis it might be suitable to use these thresholds also for diameter 36 and 40 articulations as an orientation.

For TKA CR and PS implant designs with CPE gliding surfaces a reasonable threshold is given at 25 mg/ million cycles, performing
knee wear simulation according to ISO 14243-1:2009 under load control (Figure 2) [58,59,60]. For other material combinations such as
TKA with XLPE gliding surfaces there was not enough performance data (CR type n = 26 & PS type n = 1 studies) and clinical long-term
experience to propose a reasonable threshold.

Measuring average wear rates in THA I1SO I1SO 14242-1:2014 or TKA ISO 14243-1:2009 wear testing above the recommended
thresholds in the four laboratories from where the data was collected an optimisation in implant design, bearing material, manufacturing
tolerances and/ or surface quality should be undergone.

Considering the current unsatisfactory reproducibility and repeatability of wear results between some laboratories, these thresholds
cannot be applied to tests undertaken in other laboratories, which may due to differences in simulation methods, use of test equipment or
less staff experience in biotribology result in systematic differences in the simulated wear rates. In other laboratories, comparison to data
from a substantial equivalent device with clinical history carried out in the same laboratory is needed for comparison. Today an additional
concern is that a single laboratory may set or generate conditions which may produce artificially low wear rates [23,61], as such the
comparison of the product under development to a substantial equivalent device with clinical history is not as strong and sensitive. In such
a case these wear rates of a substantial equivalent device with clinical history have to be validated against average clinical wear rates or
have to be validated with comparison to other laboratories (i.e. round robin tests etc.).
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1. Abstract
Question: Biotribology

What kind of proof apart from traditional standard test methods (each for TKA and THA) can be applied to show that the planned
articulations (i.e. also including patella-trochlea) enable the function of the implant / the joint throughout the expected implant lifetime
without producing a critical amount of wear?

1. Which kind of additional/ new test methods exist to complement the standard tests in a useful way? How meaningful are they to
further close the gap between pre-clinical assessment and actual clinical application?

2. Which additional methods dedicated for research and not for routine use have been described?

3. What are methods that simulate the in vivo conditions for wear testing of implants in order to gain information about biological
impact on biotribological material properties and wear debris release?

Summary /| Recommendation:

Additional biotribological methodologies are described, which are of importance to complement the given ISO and ASTM standard testing
in the context of their clinical relevance (Question 1). Based on literature review and expertise on biotribological testing methodologies,
engineering experiences and history of clinical performance guidance notes are provided as recommendations as to how they should be
used and under which conditions they should be applied.

To answer question 2 additional research methodologies in biotribology are discussed based on suitable examples detected within
the systematic review and wider published literature, which are of importance for tribological research but not intended for routine use.

The average local and systemic biological response in the patient population to wear debris released from today's long-term clinically
established CoC, CoP and MoP articulations in THA and TKA/ UKA are reasonably well understood. The variation in the biological response
found in the patient population is less well understood or documented. For implant material modifications, which are very similar to
a clinically established material (i.e. Vitamin E stabilization of XLPE), then comparative volume wear from simulators and comparative
particle analysis (particle size, size distribution, shape) may be used to demonstrate substantial equivalence (Question 3). For substantial
material changes or new bearing materials, particle analysis and distributions cannot predict whole body system response or the system
level intensity of adverse reactions in vivo. The body system response to debris from a new type of material cannot be easily determined
pre-clinically and requires prolonged clinical studies to determine safety and efficacy.

2. Level of Evidence
Strong

3. Consensus Delegate Vote

95% - unanimous, strongest consensus (95% agree [ 0% disagree [ 5% abstain)

4. Graphical Abstract
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5. Search Strategy

A systematic literature search was conducted in March 2021 to identify literature with the potential to contribute to the answer of the
above mentioned research question.

The electronic databases EMBASE incl. Medline were explored using a combination of the following search-terms which were combined
with the Boolean operator "AND":

e TKA/THA, knee/hip prosthesis, knee/hip replacement

e implant testing/simulation, in vitro testing/simulation, wear testing/simulation, articulation testing/simulation, material testing/
simulation, hip/knee simulator

e (biotribolog*, tribolog*, tribocorrosion, articulation) OR (wear debris, wear particle, wear behaviour, wear resistance, third body wear,
hip wear, knee wear, prosthetic wear, patella wear, trochlea wear, surface wear, delamination wear, implant wear, wear simulation,
particulate debris) OR (ion release, ion measurement, ion analysis, biologic* response, inflammatory response)

Search words were adapted to the specific terminology of the database and were searched including different spelling and synonyms.

Article language was restricted to English or German language. Because of the aim of the process studies from 2000 to 2021 were
included to provide insight into current practice and state of the art procedures. Abstracts from scientific meetings were not included in
the review as sufficient data cannot be extracted. Case reports were also excluded due to the nature of the contained information.

The title and abstract of all articles (n = 164) were screened to select articles contributing to the topic. Potentially eligible articles
were obtained for detailed assessment and were screened for applicability in detail. References of used publications were searched for
additional studies meeting the inclusion criteria. The selection was not further restricted regarding basic study design. Duplicate articles
were removed.

164 publications met the search criteria. After the selection process, 53 articles were included in the review.

An additional manual search yielded further 77 publications which were included in the literature review after verification of eligibility
based on topic and quality. Additional relevant literature was also identified and included (Figure 1).
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Figure 1: Flow chart literature selection process

6. Rationale

1 Which kind of additional/ new test methods exist to complement the standard tests in a useful way?
How meaningful are they to further close the gap between pre-clinical assessment and actual clinical
application?

In this section additional biotribological methodologies are described, which are of importance to complement the given I1SO and ASTM
standard testing currently used in the context of their clinical relevance. Based on literature review and expertise on biotribological testing
methodologies and clinical experiences guidance notes are made how they should be used and under which conditions they should be applied.
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To evaluate the long-term behaviour and possibly up-coming clinical failure mechanism of highly cross-linked polyethylene (XLPE),
polyethylene stabilised by antioxidants (i.e. Vitamin E, AOX) or substantial modifications of currently established polyethylene for hip and knee
arthroplasty (THA & TKA), an enhanced artificial ageing has to be considered. It has been previously shown that prolonged artificial ageing of
4 to 6 weeks using a procedure described in ASTM F2003 leads also in polyethylene with higher oxidative resistance (i.e. XLPE re-melted) as
conventional (CPE 25-40 kGy y N2), to a progressive increase in wear and substantial increased oxidation [1,2,3]. To determine the oxidation
status of polyethylene inserts after artificial ageing slices shall be cut by a microtome and oxidation index measurement shall be performed
by Fourier transform infrared spectroscopy. Based on retrieved XLPE re-melted tibia inserts it has been shown that the oxidation index after
5 to 6 weeks of artificial ageing corresponds well to 3 to 7 years in vivo [2,4]. Furthermore Muratoglu et al. [5] described a mechanism of
combined cyclic loading and absorption of lipids, which can further reduce the oxidative stability of irradiated and re-melted XLPE in vivo. For
non-oxidative stabilised re-melted XLPE a combination of 3 to 4 weeks artificial ageing and doping in a lipid emulsion has been proposed by
Suhardi et al. [3]. Oral et al. [6] described an in vitro oxidation model for XLPE re-melted incorporating synovial fluid lipids. They combined
diffusion of emulsified single and mixed lipids into XLPE re-melted and accelerated ageing (2 weeks) and found that mixed lipids doping
was able to reproduce average and maximum oxidation values and products observed in vivo in longterm retrievals (96 to 190 months). The
oxidation depth profile and the cross-link density was different. To predict the long-term in vivo performance of polyethylene materials, it
is crucial to understand the material specific oxidative processes and to apply a clinically relevant enhanced artificial ageing protocol [6].
Due to the variation in materials and in vivo oxidation mechanism, it is obvious that the procedure cannot be generalised and the choice of
an appropriate method in relation to the specific wear tested material is important. In case of new or substantially modified polyethylene
materials for THA inlays or TKA gliding surfaces, a complete physical, chemical and mechanical material characterization in context to
biotribological properties has to be considered [7,8,9,10]. It is worth noting that full validation of clinical relevance of the wear produced by
these ageing method has yet to be established. Full validation could be achieved by comparative simulator wear testing of real time in the
body ageing of retrieved prostheses with accelerated aged material of equivalent age. Validation can be made through comparison of wear
rates, wear mechanisms and of wear debris produced. Until such validation is completed, then confidence levels predictions of aged wear rates
based on changed physical/chemical/mechanical property changes remains low to medium.

THA ceramic-on-ceramic (CoC) articulations clinical retrievals show evidence of edge loading stripe wear on head and rim wear on
the cup insert [11,12]. This is not replicated by standard simulator walking cycle tests according to I1SO 14242-1, which show very low
surface wear < 0.1 mm3/million cycles. Simulator edge loading tests replicate clinical edge loading and stripe wear and wear rates of
about 1 mm3/million cycles with alumina-on-alumina ceramic (Biolox Forte) [13]. Edge loading tests demonstrate reduced wear with
zirconia toughened alumina (ZTA) ceramic composite (Biolox Delta) compared Biolox forte under edge loading [14]. In THA ceramic-on-
ceramic (CoC) articulations simulating subluxation as a result of low tissue constraint and/ or a translational mismatch due to variations
in medio-lateral component positioning and cup inclination angles in hip wear simulation has been introduced, to examine the occurrence
and magnitude of dynamic separation, edge loading severity and wear increase [15]. Any new ceramic composite materials or substantial
design changes in CoC bearings should be tested and compared to an established clinical reference such as a ZTA ceramic composite (i.e.
Biolox Delta) under edge loading conditions [14], as specified in ISO 14242- 4.

Increased metal wear debris from metal-on-metal (MoM) articulations in hip resurfacing arthroplasty or in THA with large metal heads
(> 36 mm) has been found in some patients and can be the cause for adverse local tissue reactions, elevated systemic metal ion levels
and related diseases [16,17,18]. Under standard simulator walking cycle tests ISO 14242-1 metal metal bearings show low wear typically
< 1 mm3/million cycles, with larger heads showing less wear than smaller heads, under these ideal laboratory conditions. This low level
of wear does not usually cause adverse reactions in patients, except for in the small number of patients who may be susceptible and pre
disposed to metal ion hypersensitivity reactions.

However, these standard tests (ISO 14242-1) do not reflect the much wider range and much higher wear rates found clinically particularly
in large diameter (> 36 mm) bearings. Clinical variations in angle of implantation, (inclination and version), combined with deficiency in
restoring the offset (medial lateral and anterior posterior) causes edge loading and substantial deterioration in performance. In smaller
diameter bearings this can lead to increases in wear, subluxation and also dislocation, whereas in larger diameter bearings dislocation rate is
lower, but edge loading and increases in wear becomes much more severe. Retrievals of large diameter bearings above 36mm show wear rates
with edge loading, commonly exceeding 10 mm3/million cycles, sometimes reaching as high as 50 mm3/million cycles, which cause adverse
tissue and systemic reactions and need for revision. Laboratory simulations with simulated edge loading with both increased inclinations
angles and offset deficiency have shown wear rates as high as 10 mm?/million cycles [19], ten times higher than found in standard tests.
Even higher rates may occur with more severe edge loading conditions as specified in ISO 14242-4. If any future design or development of
MoM bearings or derivatives such as surface engineered bearings [20] are to be considered, these would need to be tested under severe edge
loading conditions as specified in ISO 14242- 4. Edge loading tests can reveal potential clinical failure of surface engineered bearings [21]
which is not found in standard tests [19]. Future edge loading tests would need to be conducted comparatively with a metal on metal device
with a long clinical history, an established reference. Given the clinical performance of metal on metal bearings are typically considered
unsatisfactory, a substantial improvement in performance compared to the clinical predicate device would be needed to justify a clinical study
of any new device. The clinical study would need tight controls over implant positioning, inclination version and restoration of appropriate
offset. Long term clinical follow up of 5 to 10 years would be needed in such a clinical study.

Current ISO 14243 series knee wear testing is able to simulate abrasive-adhesive surface wear behaviour in vitro. Due to the applied level
walking test conditions only, a major limitation is given that an essential clinical failure mode with subsurface degradation, delamination
and structural material fatigue [22,23,24,25] is not reflected, unless additional artificial or real time ageing is also introduced into the test.
The structural material fatigue of TKA gliding surfaces caused by oxidation-induced embrittlement, degradation and crack concentration
below the articulating surface has been reported for standard y-irradiation under inert atmosphere [21], for sequentially irradiated and
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annealed XLPE [22,23] and also for re-melted XLPE [24]. As total knee arthroplasty is being increasingly performed on heavier, more
active and younger patients with higher life-time expectancy [26], it appears desirable to test for degradation and delamination wear.
It has been previously demonstrated performing a highly demanding activities (HDA) wear simulation including stair climbing, and high
flexion activities like chair raising and knee bending in combination with clinical relevant artificial ageing is able to create in vitro
subsurface delamination and structural material fatigue TKA failure modes [27,28,29,30,31,32,33,34]. In addition to that it has been
shown that moderate activities of daily living using in vivo measured knee joint loading, produces the highest abrasive-adhesive wear for
walking based on in vivo data [35]. Based on the given evidence it is recommended to perform a highly demanding activities knee wear
simulation for polyethylene, which are sensitive to reduce their mechanical strength due to in vivo oxidation (CPE, XLPE). In comparison
to a clinically established reference knee implant the gliding surface degradation and fatigue behaviour should be evaluated. A HDA wear
testing procedure shall be also applied for substantial polyethylene material modifications or new articulation material combinations (i.e.
surface coatings, polymers), which have not been clinically established. In addition to that HDA knee wear simulation shall be performed
for posterior stabilised (PS) implant designs to evaluate surface wear and potential structural material fatigue at the post/cam interface.
As quite the majority of today's PS knee designs does not engage their post/cam mechanism during level walking test conditions (ISO
14243 series) or in the swing phase only [36,37], it seems to be mandatory to test PS implant designs under HDA knee wear simulation in
combination with artificial ageing [26,28,33].

Rotating hinge knee (RHK) prostheses are a viable clinical option for severe deformities, complex primary and revision cases, accompanied
by unstable ligaments and they constrain anterior-posterior (AP) shear and adduction-abduction moments [38,39,40]. To simulate the absence
of both cruciate and collateral ligaments in RHK wear testing a substantial reduction in AP motion restraint and internal-external rotation
restraint or alternatively HDA wear testing shall be considered [41]. In relation to retrieved RHK implants, it has been observed that the main
wear damage modes of flanges and axis bushings were comparable between retrievals and in vitro tested specimen [42].

During knee wear simulation metal ion and particle release originating from femur and tibia components has been described [43],
which might be of clinical relevance for patients with metal ion hypersensitivity [44,45]. Additionally the implantation of a Cobalt chrome
implant and release of metal ions, without release of particles may also have clinical relevance to patients who are hypersensitive and
should be avoided if possible. For the biotribological evaluation of implant solutions with barrier function to prevent ion release (i.e.
mono- or multilayer ceramic coatings) as well as for articulation material combinations, which have not been clinically established, wear
simulation (ISO 14243 series or HDA) in combination with metal ion concentration analysis of the lubricant by inductively coupled plasma
mass spectroscopy (acc. to ISO 17294-2) shall be performed [42,46,47]. However it is not known what are considered acceptable levels
of ion release in simulator tests and how this compares with ion levels detected in the body, recognizing that in simulator tests ions are
contained and collected, while in body, ions are distributed widely creating at approximately 1000 fold dilution. Unlike wear volume, there
is not calibration or direct comparison able to be made between ion release in simulators and ion release in body.

In regard to the influence of sizing on wear simulation the wear performance of THA and TKA depends on the size of the bearing
articulation in the hip and the implant size in the knee. In THA a larger diameter (i.e. 36 or 40 mm) CoP or MOP bearing produces more
surface wear than a diameter 28 mm bearing, due to a greater sliding distance and a greater surface contact area. The hip diameter is a
design choice by the surgeon and a comparative worst case testing (i.e. largest intended diameter of a system) should be tested according
to the ISO 14242-1 standard protocol. In TKA the implant size depends on the anatomy of the patient it is suitable to perform a medium
size comparative testing. A large knee size might result in increased abrasive-adhesive surface wear (greater sliding distance and surface
contact area), but this can be covered by the comparison to a clinically established reference system with similar dimensions (design and
size range) based on a design rationale not requiring additional testing. For a new design principle or design modifications substantially
changing dynamic surface and sub-surface contact mechanics (i.e. by FEA simulation), additional testing of a small worst case size
combined with ageing shall be considered in regard to fatigue wear.

In hip and knee arthroplasty the articulation surface is the main source of particulate debris. However backside wear produced at the
interface between polyethylene inlay and acetabular cup has been associated with retro-acetabular osteolysis and aseptic cup loosening
and previously detected on retrieved inlays [48,49,50]. Similarly a backside wear phenomenon has been observed for polyethylene gliding
surfaces on fixed bearing tibial trays revised for osteolysis and aseptic loosening [51] with a rotational pattern of scratching and burnishing
on the inferior polyethylene surface and the superior titanium tray surface. McEwen et al. [52] demonstrated that implants tested in knee
simulator studies showed consistent backside wear pattern to retrieved implant components. For a press-fit cone locking mechanism of
hip inlays in a titanium alloy cup Puente Reyna et al. [53,54] found a good correlation between retrievals and simulator tested inlays.
They also determined that for this fixation principle most of the backside wear occurred during inlay insertion into the cup and even
performing a 20 million cycle hip wear simulation backside wear does not increase. In conclusion it can be stated, that for known material
combinations & fixation design principles backside hip or knee polyethylene wear is well integrated in todays in vitro wear simulation
procedures [51,52,53].

The evidence level of these additional test methods and the confidence levels by which they may predict clinical performance and
potential variation in clinical performance are lower than for the standard test methods described in Consensus Statement 7/Biotribology.
This does not mean they should not be used in pre-clinical assessments, but it does mean that caution in needed in terms of the confidence
level by which they are able to predict the average clinical performance. Or give an indication of the variability of clinical performance.

2 Which additional methods dedicated for research and not for routine use have been described?

In this section additional research methodologies in biotribology are described based on suitable examples detected within the systematic
review, which maybe of importance for tribological research but not intended for routine use at the present time.
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For new hip or knee insert fixation design concepts, other polymer inlay materials (non-polyethylene) or new material combinations a
test method allowing to separately quantify articulation and backside wear in regard to particle volume and particle morphometry may
be considered in the future [55].

Third body wear, caused by bone cement particles containing zirconium dioxide or barium sulphate as radiopaque or titanium/
hydroxyapatite particulate debris originated from coatings for cementless fixation, leads clinically to increased wear and accelerates
particle-induced aseptic loosening [56,57,58,59,60]. The term third body wear has been used to describe two different mechanisms which
increase wear. One mechanism by which the third body particles themselves generate increased wear, but are subsequently ejected from
the contact with the wear debris. The second whereby the third body particles enter the contact and damage the hard counterface, The
damage to the hard conterface, typically the femoral surface then increases the wear of the other surface (polyethylene). The amount of
increase in wear depends on the relative motions and kinematics and can last for prolonged periods as the damage can last for prolonged
periods. The relative importance of these two mechanisms is different in different situations and for different bearing types and designs.
This makes the development and validation of a standard test extremely difficult, and indicates that such test (and their validation) may
have to be implant and material specific. Third body wear mechanism have been simulated in vitro for different THA bearing combinations
[2,56,61,62,63], for TKA [64], as well as in unicompartmental knee arthroplasty (UKA) [65,66]. Third body wear testing may be valid to
understand clinical failure modes and eventually to analyse the resistance of diverse bearing material couplings against hard third body
particulate debris [2,45,56]. ASTM is currently developing a standard for in vitro testing in which alumina particles of size 100um and
300um are proposed at a rate of 2mg every 0.5 million cycles [67]. However, the published testing conditions differ substantially in regard
to the used particle sizes (< 30 um to 640 pm), the applied particle concentrations and the method of contamination of the articulation
[2,61,62,63,64]. Due to that no consistent methods to analyse the influence of third body wear are available today [31]. Extreme caution
is needed in the use of such tests currently.

Hip instability and dislocation can be caused by suboptimal component position, impingement or soft tissue deficiency and is a common
complication in primary and revision THA [68,69,70,71]. Dual mobility implants have demonstrated to significantly reduce dislocation rates
in patients at risk for hip instability [67,68,69]. Modular Dual Mobility implants are usually incorporate a cobalt-chromium inlay anchored
in situ with a taper connection in a titanium alloy acetabular cup [72,73,74]. Due to the cobalt-chromium/ titanium alloy material
combination, mechanically assisted crevice corrosion can take place with release of cobalt and chromium debris and ions [70,71,75]. Kolz
et al. [70] examined 12 retrieved modular dual mobility inlays with a mean time in vivo of 26 months by a visual (Goldberg criteria) and
a quantitative dimensional analysis, and found in 2 (17%) severe and in 5 (42%) inlays moderate corrosion with an average maximum
depth of 35.5 um at the inlay taper interface. Due to that the cobalt and chromium particle and ion release of modular dual mobility inlay/
cup interfaces can be evaluated in a demanding hip test setup (5340 N, 10 million cycles) under a steep cup inclination of 55° [72] or
alternatively in an adapted 1SO 14242-4 hip wear simulation. Due to limited evidence (i.e. it is even not known if the movement/ micro-
movement in the simulations represent realistic movements in patients) future research is necessary to create some clinical validation. This
is an important focus of future research work. It is important to recognise the role of patient selection in clinical use and clinical evidence
for dual mobility bearings. While some evidence of clinical performance has been obtained from elderly patients. It needs to be recognised
that to use these bearings in a wider age range of patients is a new application and pre-clinical test methods need to be developed for
these patients, and at this point in time there is no clinical evidence available to validate these methods for younger and more active
patients. Clinical studies are needed in this younger age group of patients.

MoM hip articulations produce abrasive-adhesive wear and a surface degradation due to a combination of tribological and corrosion
processes and their interactions [76,77,78]. To study these complex tribo-corrosion mechanism, a hip simulator with integrated in situ
electro-chemical real-time measurements has been proposed [74,75,79]. For the interaction of wear and corrosion processes the sources
for the release of metal ions were described as tribology driven depassivation of the MoM articulation surfaces and in addition corrosion of
nano-sized wear particles [74,75,76]. In research driven studies the methodology allows to characterize the mass balance of ions relative
to metal-protein complexes and released cobalt-chromium particles during tribo-corrosion in hip simulators [76]. The transfer of real-time
electro-chemical evaluation of tribo-corrosion to the clinical situation has not been demonstrated so far.

Simulating average THA patient movement pattern, Hadley et al. [80] proposed a hip wear simulation with adverse stop-dwell-start
motion activities, to determine the impact on wear of different bearing combinations. Testing the robustness to stop-dwell-start motion
alternating with walking activities a significant increase in wear was observed for the MoM combination attributed to depletion of
lubricant in the hip bearing during the dwell period, whereas the relative wear increase was lower for metal- and ceramic-on-polyethylene
(MoP, CoP) combinations, and the CoC articulation was not sensitive to these adverse conditions [78]. This research shows that the
increase in wear rate is dependent on the stop dwell start duty run cycle based on the relative length of the dwell time compared to the
run time. The wear rate per step, increases if the dwell time increases and run time decreases. However in terms of the wear rate per day
this may not be the case, as a patient with long dwell times and short run times would typically take fewer steps per day. Today there is no
consensus about what the preferred duty cycle should be and no definition of the test duration. As of today this test cannot be applied as
a routine pre-clinical test. If it is performed for research purpose, it needs to be used as a comparative test with a well selected reference
device of similar material, with careful consideration and justification of the test conditions and duty cycle.

To represent better in vivo loads in THA patient groups, Lunn et al. [81] examined patient-specific and activity-related variation of hip
contact forces via musculo-skeletal modeling, in a cohort of 132 THA patients undergoing motion capture analysis during activities of daily
living. They observed systematic differences in hip contact forces between current ISO 14242 hip wear testing and their measurements of
patient's daily activities. Consequently, they advocated for more clinically relevant and more demanding loading conditions in THA wear
testing. In the current stage their research is based on patient activity measurements and musculo-skeletal modeling. No information is
given, if the different pattern have any relevance in relation to wear generation and so far the clinical relevance has not been demonstrated
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(i.e. by retrieval studies etc.). Future work is necessary how to adapt their patient specific hip contact force pattern for THA wear simulation
including the clinical validation.

In TKA new alignment and knee balancing approaches as an alternative to the established mechanical axis alignment, like kinematic
alignment, anatomic alignment [82,83], constitutional varus [84], dynamic coronal femoro-tibial mechanical angle [85] or functional
phenotypes in coronal limb alignment [86] coming more in consideration and growing interest by knee arthroplasty surgeons.

The majority of current TKA systems is designed and tested for implantation perpendicular to the mechanical axis of the knee joint
(180° + 3°). To consider alternative alignment and knee balancing principles in wear simulation there is a lack of knowledge which impact
these alignment techniques have on the biomechanical loading conditions and related wear behaviour of total knee implants. As an
example Maag et al. [87] performed a wear testing in a six-degree-of-freedom knee joint simulator based on implant- and alignment-
specific loading conditions estimated by a previously validated finite element analysis (FEA). Based on their approach they reported for a
cruciate retaining fixed, mobile bearing and posterior stabilized knee design, no significant differences in wear rates between anatomic
and mechanical alignment [85]. Further work is also needed to understand how different knee balancing principles interact with different
variations in positioning that are inevitable in surgery. This is a complex systems problem, with many different combinations of different
variables. Our understanding of these interactions is not currently complete. Caution is needed in making changes to individual variable in
such complex systems, when the impact of the interactions with other variables is not known.

Taking into account quite a number of influencing factors like implant size combination, internal-external rotation of femur and tibia
component, tibial slope and coronal plane alignment principle and their entire clinical relevant range, there is today a lack of data, knowledge
and evidence how to perform an appropriate wear simulation to reflect the clinical conditions abroad of the mechanical axis alignment
[88,89]. It is obvious that in the next years a significant progress in FEA based contact mechanics for various TKA alignment approaches
[90,91,92,93], validated dynamic FEA knee kinematic models [86,87] and advanced musculo-skeletal modeling [94] is necessary to create
suitable knee loading and kinematic input parameters for an experimental knee wear simulation dedicated to alternative alignment and
balancing principles.

At the current state of research it is impossible to replace experimental wear testing by FEA simulation and it is impossible to predict
total joint replacement wear by computer simulation models. But modern in silico methods have a future role to combine the analysis of
articulation contact mechanics with musculo-skeletal alignment approaches to deliver reasonable input parameters for experimental wear
testing methods (i.e. ligament constrain or loading & kinematic conditions influenced by knee alignment).

Future wear testing for the hip, knee and patella-femoral arthroplasty need to consider variation in positioning (6 DOF), variation in
activity, variation in sizes, variation in age, and on biological activity and reactions. A strategic framework as to how to define the choice
of these input variables, both as single variables and as combination of variables needs to be defined.

3 What are methods that simulate the in vivo conditions for wear testing of implants in order to gain
information about biological impact on biotribological material properties and wear debris release?

Wear debris generated from different bearing materials in hip and knee arthroplasty from can range from 1nm to 100 pm in size, and
often the lowest size detected reflects the sensitivity of the measurement system used for different materials. Characterisation is typically
in 2D only (except for very few studies). Particle distributions are highly skewed towards the smallest detected size. Trying to determine
absolute numbers of particles is not easy or a helpful way to quantify or compare debris. Particles can be more usefully characterised as
volume distributions as a function of particle size. Biological reactions to wear particles are dependent on their volume dose, number, size,
shape and material chemistry. The biological reactions cannot be determined or inferred from traditional bulk material biocompatibility
standard tests.

The biological response to polyethylene wear particles was described as a key factor in inducing periprosthetic osteolysis and subsequent
implant loosening [95,96,97]. This complex mechanism involves activated macrophages and inflammatory cytokine release depending on the
amount, morphology, material and size of the wear particles [98,99,100]. Periprosthetic osteolysis is stimulated by the macrophages activity
which is, in particular, dependent on the volume of particulate debris in the submicron size range [101,102,103,104,105,106,107,108].

The local and systemic biological response to wear debris released from today's long-term clinically established CoC, CoP and MoP
articulations in THA and TKA/ UKA are reasonably well understood and validation of pre-clinical wear testing and clinical behaviour based
on retrievals [11], particle isolation and characterisation from peri-prosthetic tissue [104,109,110] and in vivo obtained synovial fluid
[111,112,113] is given.

Also alternative articulation materials with more than a decade of clinical experience, such as Oxinium, ZrN-multilayer coating or CFR-
PEEK as flanges and axis bushings in a RHK, have demonstrated their suitability based on well documented clinical studies and registry
data [114,115,116,117,118,119,120,121].

For implant material modifications, which are very similar to a clinically established material (i.e. Vit. E stabilization of XLPE), then
comparative volume wear from simulators and comparative particle analysis (particle size, size distribution, shape) may be used to
demonstrate substantial equivalence [41,103,105,122].

But for substantial material changes, changes in material chemistry or new type bearing materials, then particle size analysis cannot be
used to predict adverse biological reactions. Particle analysis and distributions cannot predict whole body system response or the system
level intensity of adverse reactions in vivo. While comparative cell screening tests for cytotoxicity, inflammatory cytokines released by
macrophages and for adverse immunological lymphocyte cell reactions may be conducted, the body system response to debris from a
new type of material cannot be easily determined pre-clinically and requires prolonged clinical studies to determine safety and efficacy.

There are several types of adverse reactions to wear particles [98,123]. These include cytotoxic reactions, inflammatory reactions such as
release of osteolytic cytokines from macrophages and also adverse immunological reactions involving lymphocyte cells. However, the particle-
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induced biological response is a complex mechanism which is so far not completely understood in detail [124]. Although macrophages are
thought to play an important role in particle-induced inflammation, some other potential cells such as T-lymphocytes, mast cells, histiocytes,
fibroblasts, plasma cells, neutrophils, endothelial cells, osteoblasts and osteoclasts, are also involved in this process [125,126].

Different intensities of different types of adverse reactions occur with different materials, so it is not possible to compare different
types of reactions produced by different materials. Comparative Cell culture studies may be used to look at individual adverse reactions
from particles of similar materials, such as two types of polyethylene, but this is only a comparison, not a prediction of body system
response [98,108,109]. Cell cultures cannot reflect the complex cellular interactions in the particle-induced immune response [111]. Due
to that different animal models have been established to evaluate the patho-mechanism of this process. Zysk et al. [127,128] introduced
an animal model to examine the biological response against wear particles via leucocyte-endothel-cell interactions in the murine knee
joint [110,111]. To induce osteolysis Neuerburg et al. [129] applied a high concentration of Vitamin E stabilized XLPE wear particles to
provoke an inflammatory response in an established murine calvaria model and analysed morphometric bone osteolytic changes (uCT)
and inflammatory markers. Using extracted wear particles from a 100 million cycles THA wear testing of vitamin E blended XLPE in
comparison to CPE Popoola et al. [130] injected particle suspensions in knee capsules of white new Zealand rabbits and examined the local
inflammatory response and potential systemic effects by histological analysis of liver, spleen & lymph nodes.Animal studies, while having
an important role in research, are very difficult to interpret clinically, and care needs to be taken in how they are used in pre human clinical
studies and in consideration of approvals for use in humans.
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1. Abstract
Question: Biotribology

From a clinical point of view, what kind of proof can show that the planned articulations (THA, TKA) enable the function of the joint
throughout the expected implant lifetime without producing a critical amount of wear? Which methodologies are suitable to evaluate
linear penetration and volumetric wear in clinical studies (PMCF) and which (imaging) techniques are necessary for the evaluation?

Summary [ Recommendation:

The abrasion of polyethylene particles from wear is seen as one main reason for aseptic loosening of prosthetic components in
total hip arthroplasty. To non-invasively determine implant wear in vivo, femoral head penetration (FHP) is typically quantified as
a measure to determine wear. However, traditional methods such as HAS Martell, EBRA, etc. require substantial manual interaction
and thus still suffer from larger error variance and lower reproducibility.

Therefore, these methods require large cohorts for a meaningful evaluation and are less suitable to evaluate modern implants (i.e.,
highly crosslinked polyethylene, vitamin infusion or blended polyethylene, etc.) with wear rates of less than 30 micro-meters per year.

For the objective evaluation of THA wear in vivo of modern implants with low wear rates, it is recommended to employ accurate
and precise methods such as RSA and fully automated CAD 2D-3D-registration.

For TKA, RSA also yields in high accuracy and precision with aforementioned limitations. Consistently to THA, first results show
that the CAD-2D-3D registration approach also achieves comparable results to RSA in the wear measurement of TKA on routine
C-rays.

2, Level of Evidence
Strong
3. Consensus Delegate Vote

93% - super majority, strong consensus (93% agree [ 2% disagree [ 5% abstain)
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Figure. 1: Accuracy and precision of available wear measurement methods for THA.
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5. Search Strategy

Manual search was performed focused on methodologies to evaluate linear penetration and volumetric wear in clinical studies (PMCF)
and related (imaging) techniques.

By the expertise given in the group additional publications dealing on THA & TKA in vivo wear measurements and possible thresholds
were selected.

Potentially eligible articles were screened in detail for applicability and 25 articles were included in the references.

6. Rationale

From a clinical point of view, what kind of proof can show that the planned articulations (THA, TKA) enable the function of the joint
throughout the expected implant lifetime without producing a critical amount of wear?

Which methodologies are suitable to evaluate linear penetration and volumetric wear in clinical studies
(PMCF) and which (imaging) techniques are necessary for the evaluation?

The abrasion of polyethylene particles from wear is seen as one main reason for aseptic loosening of prosthetic components in total hip
arthroplasty (THA) [1].

To non-invasively determine implant wear in vivo, femoral head penetration (FHP) is typically quantified as a measure to determine wear
within the frontal plane between two consecutive anterior-posterior (AP) X-ray images [2, 3]. Based on this idea, several measurement
approaches had been developed in past decades. Early approaches started with manual, calliper-based methods proposed by Livermore [4]
or Dorr and Wan [5], with limited accuracy and precision.

To overcome these subjective manual measurements, computer-assisted approaches developed by Martell [8] and Devane [7-9] and
methods such as EBRA [10], ROMAN [11] and POLYWEAR [12] offer edge-detection-based wear measurements. The highest precision was
obtained with Martell's method, guiding the way to a more objective evaluation of wear in vivo (see Figure 1). However, these methods
require substantial manual interaction and thus still suffer from larger error variance and lower reproducibility. Therefore, these methods
require large cohorts for a meaningful evaluation and are less suitable to evaluate modern implants (i.e., highly crosslinked polyethylene,
vitamin infusion or blended polyethylene etc.) with wear rates of less than 30 micro-meters per year [13].

The current considered gold standard for wear measurement is the radio-stereometric analysis (RSA), which uses two X-ray images
covering the field of view from two distinct directions and thus offers additional depth information that is unavailable in one plain AP X-ray
image [14]. The most accurate RSA approach is based on the implantation of additional measuring beads, which can be easily detected
in radiographs, but cannot be implanted in routine clinical practice. Although it provides accurate results with a mean error of 0.009 mm
and a standard deviation of 0.015 mm [12], its invasive nature makes it unsuitable for large cohorts and real-world evaluations. Other
model-based RSA-approaches (MB-RSA) utilize computer-aided design (CAD) models [15], computer-generated elementary geometric
shape models (EGS-RSA) [16], or simply the visible ellipsoidal opening of the cup (RSA ellipse) [17]. Callary et al [12] and Stilling et al [18]
evaluated these RSA approaches (MB-RSA, EGS-RSA, RSA Ellipse) without the implantation of additional measuring beads and confirmed
their high accuracy and precision (see Figure 1). While RSA offers superior accuracy and precision in the area of two-dimensional wear
determination compared to the aforementioned approaches, it comes with the disadvantages of a complex and expensive radiographic
setup, not allowing an analysis in clinical routine for multi-center studies of large cohorts.

Another measurement approach is based on a CAD 2D-3D-registration and was developed by Burckhardt et al. [2], Haversath et al.
[19] and Klebingat et al. (RayMatch, Raylytic) [20]. This measurement procedure uses implant CAD models and clinical routine AP X-rays.
The use of the 3D-information through the CAD models in an iterative optimization process leads to improved accuracy and precision
in the determination of implant wear. While Burckhardt et al. [2] still requires the user to manually select a region of interest, the CAD
2D-3D-registration according to the RayMatch method is fully automated and therefore does not rely on subjective user input resulting
in full objectivity. Compared to other methods, it does not depend on additional implanted beads, complex setups or manual interaction.
This approach resulted in the lowest mean error and standard deviation (0.003 mm + 0.014 mm for hip joint images), as shown in Figure
1. Furthermore, it was shown that in vitro determined wear rates [21] were precisely confirmed in vivo using the CAD 2D-3D-registration
method [22].

For the objective evaluation of THA wear in vivo of modern implants with low wear rates, it is recommended to employ accurate and
precise methods such as RSA and fully automated CAD 2D-3D-registration.

Accurate measurement of wear is also required for other clinical uses cases such as total knee arthroplasty (TKA). Manual approaches
such as the Metal-to-Metal or Metal-to-Middle method [23] are available to measure the minimum distances between the implant
components and thus the wear on consecutive X-rays with very limited accuracy. For TKA, RSA also yields in high accuracy and precision
with aforementioned limitations [24]. Consistently to THA, first results show that the CAD-2D-3D registration approach also achieves
comparable results to RSA in the wear measurement of TKA on routine X-rays, but without the described disadvantages [25].

83



84

15t EFORT European Consensus Medical & Scientific Research Requirements for the Clinical Introduction of Artificial Joint Arthroplasty Devices

7. References

1. Jiang Y, Jia T, Wooley PH, Yang S-Y. 2013. Current research in the pathogenesis of aseptic implant loosening associated with
particulate wear debris. Acta Orthop Belg 79(1):1-9.

2. Burckhardt K, Dora C, Gerber C, et al. 2006. Measuring orthopedic implant wear on standard radiographs with a precision in the 10
microm-range. Med. Image Anal. 10(4):520-529.

3. Martell JM, Berdia S. 1997. Determination of polyethylene wear in total hip replacements with use of digital radiographs. J Bone
Jt. Surg Am 79(11):1635-41.

4. Livermore J, lIstrup D, Morrey B. 1990. Effect of femoral head size on wear of the polyethylene acetabular component. J. Bone Joint
Surg. Am. 72(4):518-528.

5. Dorr LD, Wan Z. 1995. Ten Years of Experience With Porous Acetabular Components for Revision Surgery. Clin. Orthop. Relat. Res.
319:191-200.

6. Martell JM, Berdia S. 1997. Determination of polyethylene wear in total hip replacements with use of digital radiographs. J Bone
Jt. Surg Am 79(11):1635-41.

7. Devane PA, Bourne RB, Rorabeck CH, et al. 1995. Measurement of polyethylene wear in metal-backed acetabular cups. I. Three-
dimensional technique. Clin. Orthop. (319):303-316.

8. Devane PA, Bourne RB, Rorabeck CH, et al. 1995. Measurement of polyethylene wear in metal-backed acetabular cups. Il. Clinical
application. Clin. Orthop. (319):317-326.

9. Devane PA, Horne JG. 1999. Assessment of Polyethylene Wear in Total Hip Replacement: Clin. Orthop. 369:59-72.

10. Krismer M, Bauer R, Tschupik J, Mayrhofer P. 1995. EBRA: a method to measure migration of acetabular components. J. Biomech.
28(10):1225-1236.

11. Geerdink CH, Grimm B, Vencken W, et al. 2008. The determination of linear and angular penetration of the femoral head into the
acetabular component as an assessment of wear in total hip replacement: a comparison of four computer-assisted methods. J.
Bone Joint Surg. Br. 90(7):839-846.

12. Callary SA, Solomon LB, Holubowycz OT, et al. 2017. Accuracy of methods to measure femoral head penetration within metal-
backed acetabular components: accuracy of current methods to measure wear. J. Orthop. Res. 35(5):988-996.

13. Thoen PS, Nordsletten L, Pripp AH, Rohrl SM. 2020. Results of a randomized controlled trial with five-year radiostereometric
analysis results of vitamin E-infused highly crosslinked versus moderately crosslinked polyethylene in reverse total hip arthroplasty.
Bone Jt. J. 102-B(12):1646-1653.

14. Karrholm J, Gill RHS, Valstar ER. 2006. The History and Future of Radiostereometric Analysis: Clin. Orthop. 448:10-21.

15. Kaptein BL, Valstar ER, Stoel BC, et al. 2003. A new model-based RSA method validated using CAD models and models from
reversed engineering. J. Biomech. 36(6):873-882.

16. Kaptein BL, Valstar ER, Spoor CW, et al. 2006. Model-based RSA of a Femoral Hip Stem Using Surface and Geometrical Shape
Models: Clin. Orthop. 448:92-97.

17.Borlin N, Rohrl SM, Bragdon CR. 2006. RSA wear measurements with or without markers in total hip arthroplasty. J. Biomech.
39(9):1641-1650.

18. Stilling M, Kold S, de Raedt S, et al. 2012. Superior accuracy of model-based radiostereometric analysis for measurement of
polyethylene wear. Bone Jt. Res. 1(8):180-191.

19. Haversath M, Klebingat S, Jager M. 2018. Abriebanalyse mit virtuellen CAD-basierten Rontgenaufnahmen in der Endoprothetik.
Orthop. 47(10):811-819.

20. Klebingat S, Jager M, Bien T, et al. 2021. Highly Accurate Determination of Hip Implant Wear, Cup Anteversion and Inclination
Through an Al Automated 2D-3D Registration: An In-Vitro Validation. J. Orthop. Res. (under review)

21. Grupp TM, Holderied M, Mulliez MA, Streller R, Jager M, Blomer W, Utzschneider S. Biotribology of a vitamin E-stabilized polyethylene
for hip arthroplasty — Influence of artificial ageing and third-body particles on wear. Acta Biomaterialia 10 (2014) 3068-3078

22.Busch A, Jager M, Klebingat S, Baghdadi J, Floerkemeier T, Hitter F, Grupp TM, Haversath M. Vitamin E-blended highly cross-linked
polyethylene liners in total hip arthroplasty: a randomized, multicenter trial using virtual CAD-based wear analysis at 5-year
follow-up. Archives of Orthopaedic and Trauma Surgery volume 140, pages1859-1866 (2020)

23. Collier M, Jewett B, Engh C. 2003. A Clinical Assessment of Tibial Polyethylene Thickness. J. Arthroplasty 18(7):860-866.

24. |Jsseldijk EA, Valstar ER, Stoel BC, et al. 2011. The robustness and accuracy of in vivo linear wear measurements for knee prostheses
based on model-based RSA. J. Biomech. 44(15):2724-2727.

25. Lutter C, Grupp T, Selig M, et al. 2021. Accurate Wear Determination in Clinical Radiographs after Total Knee Arthroplasty using
2D-3D Registration and Artificial Intelligence: An In Vivo Validation. 10th Congress of the German Knee Society. (under review).

| Research Topic 9



May 2023

Detection of Wear/Debris Complications
In Total Hip and Knee Arthroplasty

at an Early Follow-up with Regard to
Complementary Tests for “Silent Bone
Loss” Detection and Risky Modular
Implants

Eduardo Garcia-Rey'?, José Cordero-Ampuero®, George Babis®,
Francesco Benazzo®¢, Michael Morlock’

'Hopital Universitario La Paz-1di Paz, Madrid, Spain
yestigacion Biomédica en Red de Bioingenieria,
edicina, CIBER-BBN, Madrid, Spain

i apMadrid, Spain
*2nd Depa apodistrian
University of Athens, i
Konstantopouleio, Athens, Greece

*Sezione di Chirurgia Protesica ad Indirizzo Robotico,
Traumatologia dello Sport, U.0.C. Ortopedia e Traumatologia
Fondazione Poliambulanza, Brescia, Italy

6JUSS, Istituto Universitario di Studi Superiori, Pavia, Italy
niversity of Technology, Hamburg, Germany




86

15t EFORT European Consensus Medical & Scientific Research Requirements for the Clinical Introduction of Artificial Joint Arthroplasty Devices

1. Abstract
Question: Biotribology (wear simulation, wear debris release and biological response)

How can we detect wear/debris complications at an early follow-up?

1. Which complementary tests can improve “silent bone loss" detection like blood samples or advanced imaging in risky patients?
2. How to detect wear/debris from non-articulating interfaces in risky modular implants?

Summary [ Recommendation:

Currently, there are different tools and protocols that have demonstrated to be useful to detect “silent bone loss" secondary to wear/
debris in patients undergoing total joint replacement. Previous international consensus regarding on the use of risky implants like metal-
on-metal total hip replacements (THRs) on the European level with a multidisciplinary approach did provide important information to
facilitate this difficult topic. Although most experts agreed that annual clinical and conventional radiological evaluation is recommended,
additional imaging with ultrasound, computed tomography (CT)-scan and magnetic resonance imaging (MRI) with metal artifaction
sequence (MARS) clearly show significant information. Despite ion analysis is more controversial, cobalt levels in the whole blood can be
more practical particularly for risky implants. Metallic femoral heads with a diameter of 36 mm or more, previously recalled resurfacing
types and modular-neck THRs can be considered as risky implants.

Further investigations have also reported that wear and debris have been clearly associated with blood metal ion levels and periarticular
tissue damage in large-friction THR. More evidence is needed in TKR.

Although risky modular implants are usually easy to define, these imaging techniques and blood samples are very useful to assess pain
or other complications like bone loss or mechanical loosening in patients with total joint replacement.

2. Level of Evidence
Strong

3. Consensus Delegate Vote

889 - super majority, strong consensus (88% agree [ 10% disagree [ 2% abstain)

4, Graphical Abstract

Patients undergoing Total Joint Replacement (Hip or Knee)

Clinical and Simple Radiographs (Annual/Biannual)

Risky Implant (Metal-on-Metal,

Severe wear, bone loss Metallic Femoral Head > 36 mm,

Metal-on-Poly implant neck hip modular THR

Additional Imaging

CT, MR, ultrasound

lon analysis
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5. Search Strategy

Indexed publications from relevant Journals (Web of Knowledge) and Experts” opinion following EFORT recommended evaluation
criteria.

6. Rationale

Concerns about wear in patients undergoing total joint replacement were raised early (1). Pre-clinical and clinical studies have
expanded knowledge regarding this topic over the last decades. Wear and osteolysis around implants are considered as a “silent”
disease (2). Moreover, further changing implants designs clearly affected the results of total hip replacement (THR), “the operation
of the century”, due to metallic corrosion from modular interfaces, not only due to wear and debris from bearing surfaces (3).
Significant poor survival rates and radiographic bone changes around the implants were early detected. After considering these
important clinical findings, it is critical to evaluate wear and debris at both early- and long-term follow-up and secondary bone
damage. The interaction between the surgeon, the patient and the implants must be closely monitored.

1. "Risky patient”. Young patients usually show high wear rates at long-term (4). Nevertheless, it is probably more important
diagnosis and physical activity levels (5), Nowadays, findings obtained from blood samples and advanced imaging techniques can add
significant information to detect early “silent bone loss" and wear in this population.

lon analysis can show a high correlation between elevated blood metal ions (cobalt and chromium concentration) and damaged
peri-prosthetic tissue (6), however, the complexity of this response and hypersensitivity influence on the validity of serum metal
content as a good predictor (7). Other authors found that the process of ion release in total knee replacement (TKR) is different
from metal-on-metal THR (8). The large surface area of the femoral component in TKR is probably a source of metal ion release by
corrosion. Lastly, synovial fluid metal levels may show better correlation than blood levels in failed THR (9).

Usually, imaging is easier to do during patients’ follow-up. Ultrasound is cheap and can suggest adverse local tissue reaction when
compared to magnetic resonance imaging (MRI) (10), however, it is radiologist-dependent (11).

Computed tomography (CT) was considered valid and useful to detect osteolysis, determined bone defects and correlate with wear
(12,13). Further investigations confirmed these results (14).

MRI with metal artifaction sequence (MARS) is another very useful tool (10,15,16). A potential prognostic test is dynamic
contrast-enhanced MRI (DCE-MRI) as being reported that this novel technique as feasible for evaluation of tissue surrounding THR,
however, further clinal studies are needed to confirm those preliminary results (17).

Interestingly, the combination of both blood samples and imaging CT can be useful to detect adverse events associated to metallic
implants (18). Well-defined protocols are being reported by experts in international consensus providing valid ways to identify
possible complications (19). These multidisciplinary approaches support the evidence for imaging but do not support with strong
evidence findings obtained from blood samples.

2. "Risky implants”. Again, although basic THR concepts were clearly defined, changing implants offering “newer” solutions did
not reach expectations (3). Wear debris can be produced also from non-articulating interfaces (20). Moreover, large friction THR
with metallic femoral head diameters larger with 36 mm or more, metal-on-metal THRs, hip resurfacing, and neck-modular hips and
can be considered as “risky implants” (21-25). Nevertheless, above mentioned approaches are valid when evaluating these patients.

Although most metal-on-polyethylene THRs are not related to wear debris from non-articulating interfaces, many clinical
presentations can present some years postoperatively, particularly with large femoral heads (26). Despite more evidence is suggested
due to the lack of retrieval analysis, there is a risk of misdiagnosis of corrosion products from head- neck junction in patients with
unexplained pain following metal-on-polyethylene THR and a femoral head diameter of 36 mm (27). The prevalence of symptomatic
pseudotumor formation requiring revision surgery with 28 or 32 mm CrCo femoral heads is low and is not associated with high blood
ion levels, suggesting other etiologies like individual response (28).

The reintroduction of metal-on-metal hip resurfacing produced new problems associated with the bearing surface, which were
severe in the presence of a taper connection (29, 30). Another important issue is that metal-on-metal hip replacement can confound
the diagnosis of periprosthetic infection (31).

Other risky implants are neck-modular THRs. The junction of different metallic alloys and the combination of large femoral heads
can affect outcome due to the presence of pseudotumours and high serum cobalt-ion levels despite in the absence of pain (32). The
revision surgery of these implants is usually more difficult including high dislocation rates (33). Recommendations with complete
imaging (ultrasound, CT, MARS-MRI) and whole blood metal ions determination (Cobalt and chromium) are valid (34).

Significant important information has been reported during the last years regarding this difficult topic. It is critical to know risky
implants, particularly in patients with a painful joint replacement in order to prevent further complications. The concept of risky
patient is more controversial since age, diagnosis, and physical activity is changing with improved medical treatments for systemic
diseases and quality of life in elderly patients. Furthermore, to detect early bone loss may be of importance to avoid large bone which
may do revision surgery less complicated.
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Question: Size range and anatomical design

How can the appropriateness of the implant geometry, sizing range and increments be assessed with respect to the reconstruction of
anatomical structures?

Q1: Which methods exist to evaluate the overall implant fit?

Q2: Which methods exist to assess adverse interactions of implants with the surrounding soft and hard tissue?

Q3: How can different sources of anatomical variation be taken into account when assessing implant geometry and sizing?
Q4: Which anatomical variations need to be covered by X-Ray templates or trial implants?

Summary [ Recommendation:

Q1: Considering the large variety in measures and relations reported in literature, standardization of morphometric analysis of hip and
knee anatomy is recommended. Physical fitting experiments are valuable to confirm implant geometry and sizes after the design phase
and to simulate the surgical procedure but should only be used for questions that cannot be answered by alternative methods. Virtual
fitting is based on X-rays, CT, or MRI and can be performed in 2D or 3D. The geometric information of such datasets can be captured
in statistical shape models (SSMs), which are useful for implant design and evaluation of fit.

Q2: Methods described under Q1 are also suitable to evaluate adverse interactions with the surrounding soft and hard tissues, which
may limit range of motion or cause pain.

Q3: Sources of variability (patient age and gender, ethnicity, and disease status and pathology) need to be taken into account when
assessing fit and function of implant systems. This can be achieved by matching the input data to the intended patient category.
Comprehensive standardized databases summarizing information from large populations are valuable for assessment of fit.
Q4:Templates and virtual trial implants should replicate the final implant design and variation as closely as possible. Trial implants need
to reflect fixation status, both for cemented and cementless implant systems.

Moderate

98% - unanimous, strongest consensus (98% agree [ 2% disagree | 0% abstain)

IMPLANT DESIGN AND SIZING

METHODS
1. Anthropometricanalysis
2. Virtualfitting
3. Physical fitting @
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5. Search Strategy
NA

6. Rationale

Total hip arthroplasty (THA) and total knee arthroplasty (TKA) are procedures that are performed worldwide. In order to serve each
individual patient, anatomical variation in the patient population needs to be taken into account when designing new implant systems.
THA and TKA implant systems should therefore be designed in various shapes and several size increments to accommodate to the individual
shape of the patient. In addition, modular stem options are often provided to offer additional flexibility, especially for revision THA and TKA.

The objectives of the sizing range and shape adjustments in implant systems are: 1) to achieve an optimal fit of the implant in the body,
and 2) to allow for an optimal functional reconstruction of the joint function.

This consensus paper aims at answering four questions related to implant shape and sizing, with a focus on geometrical fit in the
anatomy, and on reconstruction of joint function.

Q1: The fit of an implant system in the patient anatomy is determined by the size range and implant shape. Three main methods are
available to evaluate implant fit: 1) morphometric analysis, 2) virtual fitting experiments, and 3) physical fitting experiments.

Morphometric analysis is used to describe the geometrical relations between specific measures describing the native hip and knee joint.
Numerous studies have investigated pelvic, femoral, and tibial morphology based on medical imaging data (CT or MRI) [1-5]. For tibial TKA implant
systems typically parameters such as medio-lateral (ML) and anterior-posterior (AP) dimensions are measured [4,6,7] to evaluate coverage of the
tibial plateau. For the distal femoral geometry, typical parameters include AP and ML width, distal condylar offset and posterior femoral offset
[3,8,9]. For THA implant systems studies mainly focus on the width of the intramedullary canal to assess fit of the femoral stem [10]. Pelvic
measurements are mainly aimed at measurements of the acetabular diameter to determine required implant sizing [1].

These studies provide a good first overview of the size distribution. A limitation is that currently no standard exists for the specific
measures that are used for the description of joint and bone anatomy, and as a consequence a large variety in outcome measures has been
reported in literature. In addition, the review and summary of the data is time consuming. Hence, a database summarizing this information
from thousands of subjects in a standardized way would be very helpful.

In virtual fitting experiments the fit of implant systems is determined by digitally placing the implant geometry in medical imaging
datasets of the joint anatomy. Virtual fitting can be performed in 2D (using planar radiographs) or in 3D models (based on CT or MRI data).
Some medical imaging datasets that can be used for such experiments are publicly available, such as through the Osteoarthritis Initiative
[11], but manufacturers may build up their own data base [12]. Datasets are also commercially available from selected providers. Data
collection and structuring are time-consuming and imaging data is often limited to pathological cases. In addition, the possibility to share
knowledge and information is limited.

A traditional analysis of fit can be performed by direct placement of implant geometries in the imaging dataset to assess if the
planned implant sizes and increments can cover the patient population. This method can be time-consuming as measurements need to be
performed on each individual item of the dataset.

Alternatively, imaging datasets can be used to create a statistical shape model (SSM) of the anatomy. A statistical shape model is a
statistical description of the geometries of the training dataset. This training population consists of 3D bone models segmented from
numerous medical imaging data sets (e.g. 80 patients) of the anatomy of interest [13,14]. The model is expressed as an average shape that
can be manipulated to create new virtual geometries of variable size and morphology using principal component analysis [15]. Hence, it
could be used to derive the smallest through largest size required by the patient population (the training dataset), as well as useful size
increments [16].

An SSM is only as good as the underlying input dataset and should be validated to ensure that it well represents the patient population
(for more information, please see guidelines for validation).

In addition to the three mentioned main methods, data on implant sizes from larger arthroplasty registries can be used in the beginning
of the implant development phase as an orientation of common sizing increments, and also retrospectively to confirm the provided implant
sizes and size increments.

In physical fitting experiments the fit of an implant system is assessed in cadaveric specimens. Fitting experiments are the closest
approximation of the actual clinical situation (soft-tissue interaction, simulation of surgery). Besides the risks of working with cadaveric
materials and the costs associated with specimens, limitations include their general limited availability. In order to cover the whole patient
population, including very large and very small sizes, a large number of specimens would be required. Hence, the physical models could be
useful to additionally confirm implant geometry and sizes after the design phase and to simulate the surgical procedure but should not be
used primarily to define the sizes and size increments required by the patient population. They represent a valuable resource and should
hence only be used for questions that cannot be answered by alternative methods, such as virtual fitting experiments.

Q2: Placement of an implant in the joint space may lead to adverse interactions with the surrounding soft and hard tissues. The soft
tissue envelope therefore already needs to be taken into account in the pre-clinical phase.

Analysis of the range of motion (ROM) can be used to minimize the risk of dislocation of THA reconstructions. Such analysis is possible
through computational models of the implant components, bony geometry, and even the surrounding soft tissue structures [17]. Such
models simulate impingement of the implant components and bony structures, and their effect on ligament stresses. Computational
models allow for the evaluation of the effect of design parameters such as head size, neck geometry, head-neck ratio, femoral offset, and
implant positioning (e.g. combined anteversion of the acetabular and femoral component).
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Undesired interactions with surrounding soft tissues in TKA can result from overhang of the prosthesis, which may lead to knee pain
[18,19]. Oversizing or malpositioning of the tibial components may result in impingement of the medial collateral ligament, popliteus
tendon, or the iliotibial band. Oversizing of the femoral component in the anterior-posterior direction can lead to overstuffing of the
patellofemoral joint [20], although its effect on knee pain is subject to debate [21]. Moreover, reconstruction of patellar kinematics
depends on the trochlear groove in the implant design, which may differ from the native trochlea [22] and is influenced by femoral
component rotation [23].

Pre-clinical evaluation of soft tissue impingement can be performed using MRI imaging of reconstructions with non-metallic implant
models [24]. Implant overhang can furthermore be evaluated geometrically in 3D models or SSMs as described under sub-question 1.

Q3: Anatomical variability may affect the fit of THA and TKA implant systems. Anatomical variability therefore needs to be taken
into account when determining the appropriate implant geometry and sizing, to ensure the implant system matches the target patient
population. Sources of variability reported in literature include patient age and gender [25,26], ethnicity [5,27,28], and disease status and
pathology [29]. Differences between patient categories may influence specific anatomy and morphology, such as champagne flute-type
compared to stovepipe-type femurs [30], anteversion of the femur and acetabulum [31], or (varus) alignment of the knee [32].

Evaluation of implant fit and interactions with surrounding soft and hard tissues requires categorization of the underlying anatomical
dataset, matching the target patient population and category. Analyses as described under sub-questions 1 and 2 therefore are only
appropriate if the underlying medical imaging dataset is representative of the target population.

Through benchmarking against a comprehensive database that covers a specific target population it is possible to evaluate if
another database is representative of a specific population. Benchmarking entails comparison of quantitative parameters (e.g. AP or ML
measurements) between the new database and the source database [4]. Benchmarking values can be derived from literature or large
databases that summarize the information from multiple studies. Particularly valuable is the comparison of the smallest and largest sizes
in input datasets with the benchmarking data to confirm that the dataset covers a realistic range of sizes. Without access to benchmarking
values describing a specific target population, it is difficult to assess how many specific cases are required to form a new dataset that is
representative of the population. Depending on the number of input datasets, it cannot be guaranteed that the population is fully covered,
including the extremes (e.g. largest and smallest 2% of the population). In general, the larger the training set, the more likely these
marginal groups are represented in the SSM.

Benchmarking can also be used to assess the quality of SSMs in describing a specific patient population [33]. Additional routine
checks for SSMs include assessment of normality of the modes of variation, model convergence (i.e. testing how much the SSM changes if
patients are added), and specificity (i.e. how well is SSM able to create virtual patients with a realistic anatomy). The ‘leave one out test’
is an informative test to confirm if sufficient patients have been included in the source dataset. One patient is removed from the training
dataset, after which an SSM is created without this patient. Subsequently, it is assessed how well the SSM is able to predict the anatomy
of the patient that was left out [34].

Q4: Pre-operative planning through templating is an important tool to choose the correct implant size and design for each individual
patient. Planning can be performed in 2D, based on digital X-rays, and in 3D based on CT, MRI or 2D-3D reconstructions [35]. The applied
X-ray templates (2D) and virtual trial implants (3D) should replicate the final implant design and variation as close as possible. Hence, they
should cover the same variations as the implants they are mimicking.

Trial implants are used intra-operatively to verify the fit and function of the reconstruction prior to placing the final implant. Both in
cemented and cementless reconstructions the dimensions of the trial implants differ from the final implant. To replicate the position and
alignment of the final implant, for cemented reconstructions the trial implant needs to take into account the intended cement mantle
thickness. For cementless reconstructions the trial implant has to replicate the final implant position without damaging the bone bed, as
this would affect the press-fit fixation of the final implant.
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1. Abstract
Question: Size range and anatomical design

How can it be clinically assessed that provided implant sizes can cover the majority of the patients' characteristics in terms of size
increments and range and that the implant's geometry allows appropriate reconstruction of the anatomical structures?

Summary [ Recommendation:

The coverage of the patient population should already be assessed pre-clinically while clinical studies and registry data should only be used
for further confirmation. The implant fit for each individual patient should be assessed as part of pre-operative planning.

Large databases (radiographs, CT, MRI data) and statistical shape models (SSMs) nowadays provide the possibility to virtually implant
the prosthesis in numerous patients prior to clinical application.* The possibility to develop and validate implant designs, sizes etc. based
on sufficiently large virtual patient cohorts should be used before first clinical application of the implant to avoid potential risks for the
patient due to improper component geometry or sizing. Clinical studies can be used to additionally confirm the implant fit, while registry
data are needed to evaluate the overall performance. On the other hand, pre-operative planning based on state-of-the art 2D or 3D
reconstructions is recommended for each individual patient in order to provide the best possible fit while optimizing implant stocking,
ensuring availability for planned surgical cases, maximizing operating room efficiency, and minimizing the risks related to malpositioning
and incorrect sizing of the prosthetic implants.

* Care should be taken regarding input data for such databases and SSMs in terms of:

e Sufficiently large number of data sets

e Gender

* Age

e Ethnicity

® Height, weight

e Qsteoarthritis status

Please refer to Consensus Statement 11/Size range and anatomical design for more detailed information.

2. Level of Evidence
Very high

3. Consensus Delegate Vote

97% - unanimous, strongest consensus (97% agree [ 0% disagree [ 3% abstain)

4. Graphical Abstract

Pre-clinical phase Clinical phase

Clinical studies Registry data

@ Additional
confirmation
Implant design

(geometry, size, size
increments...)

A

Adapted from Benazzo et al., 2019 (15); Chen et al., 2020 (55)
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5. Search Strategy

Two literature searches (one for each sub question) were conducted in April 2021.

For the first sub question (How can different variants of an implant (sizes / combinations) be assessed clinically and how can be proven
that they fit well and are not associated with any disadvantages for the patient?) the electronic databases EMBASE including PubMed were
used applying the following search-terms combined with the Boolean operator "AND":

e (THA specific:)Total hip prosthesis OR total hip replacement OR total hip resurfacing arthroplasty / (TKA specific:) Total knee

arthroplasty OR total knee prosthesis

e (THA specific:) Implant OR prosthesis OR stem [ (TKA specific:) implant OR prosthesis OR tibial component OR tibial tray OR femoral
component

e Size OR sizing OR mismatch OR overhang OR bone coverage OR shape OR geometry OR size increment OR size combination OR
morphology OR design

® Functional assessment OR clinical assessment OR radiograph OR tomography OR outcome assessment

To obtain insight in the current state of the art, only articles between 2011 and 2021 were included. Full-text articles and conference
articles were included. Article language was not restricted.

For the second sub question (Which anatomical variations / conditions need to be covered by X- Ray templates or trial implants and is
the supply of such templates compulsory?) the US National Library of Medicine (PubMed/MEDLINE), EMBASE, and the Cochrane Database
of Systematic Reviews were queried for publications utilizing various combinations of the search terms "total joint arthroplasty,” “total
knee arthroplasty,” "TKA," "total hip arthroplasty,” "THA," “implant size," “trial size," "implant fit," "preoperative planning,” "morphometric,”
and "preoperative templating,” in combination with the Boolean operators (AND, OR, *) since inception of database to April 2021. No limit
was set with regard to the year of publication. Only articles written in English language were selected. Only abstracts that were considered
relevant with the assigned question were reviewed. If the title and abstract of each study contained insufficient information, the full
manuscript was reviewed.

Given the short timeframe, not all publications found to be eligible, but 54 representative articles were included in this statement.

" "o "o

6. Rationale

Appropriate fit of the prothesis of total hip arthroplasty [ total knee arthroplasty (THA / TKA) is crucial to avoid the risk of overhanging (with
consequent soft tissue impingement and irritation, and possible overstuffing) (1,2), underhanging (with consequent possible subsidence)
(3), and intraoperative fractures (hammering/reaming) (4). However, this process is complicated by the fact that the bone morphology,
especially in the proximal and distal part of the femur, as well as of the proximal part of the tibia varies among ethnicities (5-7), genders
(5,8) and age groups (predominantly in women) (8,9). The challenge for implant development is hence to design implants that cover this
broad range of aspects, i.e. to provide well-fitting implants for the whole patient population.

In order to provide | develop an implant system that covers the patient population in terms of appropriate implant geometry, sizes,
size increments and size combinations, it is necessary to establish methods that can allow to assess and validate this coverage. However,
it should be kept in mind that the quality of fixation is surgeon and technique dependent and as such not strictly related only to fitting.

A review of current literature has been conducted to answer the question of how these factors could be assessed clinically. Given the
short timeframe, this review was primarily driven by previous knowledge and work in the field already carried out by the team members.

Clinical [ functional outcome assessments after THA | TKA

In clinical practice, the outcome of a total hip (THA) or total knee arthroplasty (TKA) can be assessed using different outcome scores (e.g.
Harris Hip Score or American Knee Society Score), Patient Reported Outcome Measurements (PROMs), as well as capacity and performance
tests (e.g. timed 20-metre-walk or step test) (10). In addition, novel scores such as the Forgotten Joint Score have been developed in
order to assess how natural the prosthesis feels after total joint arthroplasty (TJA) (11). Based on these measurements, one can see if an
implant or a treatment does not work well for a specific patient. However, it is not possible to infer if this may be due to malalignment,
improper implant geometry or sizing, or other reasons (soft tissue problems, disappointing surgery). In fact, patient dissatisfaction after
TJA is multifactorial, even though persistent pain is considered the most frequent reason of dissatisfaction after either THA or TKA (12).
Among the causes of persistent pain, implant malpositioning is commonly recognized as one of the more common after TJA (13, 14), likely
associated to soft tissue unbalancing.

Image-based assessments

To assess implant sizing, positioning, bone coverage and potential component overhangs or component size mismatch post-operatively,
medical imaging (e.g. radiographs, CT etc.) is required (15, 16).

In TKA, anterior-posterior (AP), lateral radiographs and full-length radiographs of both lower limbs can be used for the assessment of
component alignment (11), as well as to assess tibial or femoral overhanging lines, and anterior and posterior coverage lines (15). In a study
by Klasan et al., 2020 a full-length CT-scan in combination with registration of the implant 3D-model additionally enabled analyzing the
percentage of bone coverage, percentage and position of overhang and rotation of the tibial component (17).

In THA, AP-radiographs (partially combined with lateral radiographs) can be used to assess stem alignment and acetabular cup
positioning (18) and to confirm adequacy of the chosen component size (16). In addition, it is possible to assess the intramedullary fill
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achieved by the femoral component (18), as well as the bony coverage of the acetabular component (18) and potential anterior or lateral
overhangs of the acetabular component (19). CT-scans and superimposition of the 3D-model or contour of the implanted acetabular
component additionally offers the possibility to assess bone coverage in 3D (20, 21).

Component size mismatch (CSM) in terms of incorrectly applied size combinations of implant components in THA can occur between
the femoral head and acetabular cup, between femoral head and trunnion stem (22,23) and, in TKA, between femoral and tibial component
(24). Potentially, medical imaging techniques could be used to detect CSM. However, CSM can be missed on plain radiographs (22).
According to the NHS, CSM in THA represents an avoidable Never Event (22). Hence the risk of CSM should be eliminated by measures
such as clear component labeling, well-organized hospital inventories and pre-operative planning, which become effective prior to the
surgery (22).

The question if an implant system covers the majority of patients could hence potentially be assessed in a clinical study, where medical
imaging can be the tool to enable this assessment. However, the meaningfulness of such a study would be very limited for the large and
small implant sizes (margin sizes), as these are usually not sufficiently represented in the patient population. In order to account for
this, a very large patient cohort would be required. In addition, this information is already needed at an earlier stage, i.e. during implant
development and hence obtaining it retrospectively from a clinical study would represent a potential risk for the patients involved. In
addition, this would entail design loops at an unnecessary late stage.

Besides cadaver specimens (physical models), large medical imaging databases and statistical shape models (SSMs) nowadays offer
the possibility to design and validate implants based on large virtual patient cohorts (25,26). (Please refer to Consensus Statement 11/Size
range and anatomical design for more detailed information.)

Hence, the question if an implant system covers the majority of patients should be primarily answered pre-clinically to avoid any
potential issues related to the anatomical mismatch.

Applying this concept and addressing these questions already in the pre-clinical phase would help to ensure that any potential problems
related to sizes | size combinations or implant geometry are detected before the first clinical application in the patient. Nonetheless,
image-based assessments within clinical studies (pre-CE or PMCF) and registry data can be used to further confirm implant sizing, and
to assess whether there are any potential complications related to the chosen size combinations (e.g. femorotibial size combinations).

Pre-operative planning and templating

For each patient individually pre-operative planning is vital to choose component size and size combination and position most suitable for
the patient. This essentially corresponds to the same process as suggested for the pre-clinical and implant development phase - i.e. virtual
implantation -but in this case planning / virtual implantation are performed for a specific patient and not for a whole patient cohort.

If the (X-Ray) templates are developed based on numerous clinical datasets alongside the corresponding implants, they should also
allow to cover most of the anatomical variations in the clinical application (27). As a matter of fact, templates can be built on plain X-rays,
or CT scans: this is the stage in which anatomical variations are acquired and the surgeon tries to fit the metal on them (28). At that point,
they do not cover the target (joint), but only the bullets (prosthesis). Hitting the target is a two-step procedure: pre-op (planning), and
intra-op (surgery). At the end of the road, pre-clinical anatomical data to design the prosthesis upon, is still the main point. Appropriate
sizing of the prosthetic components is of crucial importance to accommodate the reconstruction of the anatomy and the function of the
joint (29-31).

Preoperative planning is a crucial element for the success of modern joint arthroplasty, considering the number of sizes and designs
commercially available (32,33). It is an important way to help optimize implant stocking, ensuring availability for planned surgical
cases, and to maximize operating room efficiency (34). Correct prediction of component sizes can result in reduced surgical times and
intraoperative complications including component malpositioning, leg length discrepancy and incorrect reestablishment of femoral offset
and center of rotation (35). In TKA, oversizing is frequently encountered with commonly used implants, and overhang rates may be reduced
with the usage of systems with narrow options (36,37). However, despite a common tendency to attribute poor fitting of the prosthetic
component to patient anatomy and implant design, the surgeon's decision also plays a crucial role (38). The development of trials of
multiple sizes based on anthropometric measurements allows a surgeon to identify the best fit for the patient's anatomy finding the
right balance between bone coverage and soft tissue tension. Pre-operative templating, and avoidance of the above-described errors, is
mandatory to avoid legal issues (liability). In addition, it compensates for the hospital's economic effort by reducing the implant inventory.
However, careful evaluation of the available imaging during preoperative planning is necessary in case of severe deformities when the plan
is performed on the contralateral side since side-to-side differences may affect the final results (39-45).

Use of technology in pre-operative planning and implant sizing

In the last two decades, progressive advances in technology have led to the development of a more personalized approach to TJA based on
additional preoperative studies in order to better find the correct placement and fit of the implant components. The computer-assisted-
surgery technique (CAS) was developed in TKA in order to improve intraoperatively the positioning and sizing of the prosthetic components
and to provide better functional outcomes. CAS technique provided live on-screen information on patient anatomy and knee kinematics,
sizing and positioning of the implant, after acquisition of the bony landmarks (bone morphology and mechanical axis). The bone mapping
of the patient could have been obtained through preoperative CT scan (image-based navigation) or through intraoperative mapping of
bony anatomical landmarks (non-image-based navigation). However, despite the improved alignment obtained, CAS systems have not
become a panacea, due to increased capital costs, operative times, and because the associated learning curve limited its widespread
acceptance. The objective of combining the advantages of CAS techniques, while eliminating its significant disadvantages, has led to
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the development of patient-specific cutting guides in TKA. In fact, patient-specific instrumentation (PSI) (46), also known as “patient-
matched instrumentation,” “custom-fit instrumentation," or "custom-made instrumentation”, has been developed to reduce the technical
difficulties and invasiveness associated with standard TKA. A three-dimensional (3D) model of the patient's anatomy can be generated
from preoperative CT or MRI in order to allow the exact templating of the proposed bony resections. In addition, 3D models of the femoral
and tibial components are created to determine their optimal size, position, and alignment. Finally, rapid prototyping technology is used to
fabricate disposable, custom-cutting guides that fit on the patient's native anatomy. In this way, the surgical planning process was moved
into the early preoperative time period in order to allow a personalization of the surgical technique. However, multiple disadvantages were
recognized including delayed surgery, reduced accuracy in case of severe deformities, and the additional costs necessary for preoperative
studies and manufacturing to fabricate the actual cutting blocks. In addition, the application of this technology was expected to improve
functional outcomes and decrease revision rates. However, TKA-PSI did not show superior clinical or implant positioning outcomes
when compared with standard TKA groups (47). Further application of technology led to the development of robotic-assisted TJA, where
computer software converts anatomical information into a virtual patient-specific three-dimensional (3D) reconstruction of the patient's
joint. Robotic-assistance is used by the operating surgeon to calculate optimal bone resection, implant sizing, positioning, and ligaments
compliance. This intraoperative robotic device helps to execute the preoperative patient-specific plan with a higher level of accuracy
compared to conventional techniques (48).

The application of 3D technology has shown favorable results also in THA (49,50). In fact, 3D preoperative planning has been reported
to improve accuracy in predicting femoral and acetabular component size compared to conventional 2D planning (51,52,53). Nonetheless,
multiple concurrent factors have been addressed including radiation dose, technical difficulties, and increased costs. In addition, despite
the promising results for the accuracy of 3D templating, there may still be potential for improvements regarding the prediction of stem
and cup sizes (53). Still, preoperative planning relies on subjective decision of the examiner, which may lead to inaccuracy (54). In order to
clarify the long-term impact of 3D planning in long-term outcomes and survivorship after TJA, further studies are needed.

Despite that, the additional imaging necessary for the development of PSI instrumentation and image-based robotic-assisted surgery
allowed the formation of large data sets of morphotype, precious for the preclinical studies necessary for new implants development.

The role of 3D-printing technology in preoperative planning

3D-printed technology seems to represent the natural evolution of the application of technology advances in the setting of TJA and it
has become a fast-growing innovation in the medical field. An increase in research and publications involving 3D-printing applications
in orthopedic surgery and related fields was observed, especially in recent ten years. Today, 3D-printing technology is used to create
simulation models or medical implants, thus significantly aiding doctors and medical companies by optimizing the way a surgeon plans
and executes a procedure (41). The use of 3D-printed technology can be used to develop anatomical models based on patient imaging
necessary for better understanding the patho-anatomy of the patient in case of complex procedures, enabling surgeons to simulate the
surgery and potentially improve its execution. In addition, it allows the synthesis of patient-specific instruments (PSI) that may increase
the accuracy of a surgery. Moreover, it may be used to produce arthroplasty implants in order to better fit the bony anatomy and increasing
its primary stability and adaptation to the patient's characteristics. Finally, it may be used for the development of custom implants. In fact,
unlike standard sized implants, a custom implant created using patient-specific medical images can be a perfect match for the patient's
unique anatomy. Despite the fascinating application of 3D-printing technology, there remain multiple limitations including accuracy and
resolution to be further proven, and increased costs. Recognizing that 3D-printing technology represents the future of TJA, we cannot
state that it represents the present. In fact, in order to actively apply 3D-printing technology to the hip and knee surgery fields multiple
advancement are still necessary including the advances in biomimetic material, the development of integrated all-in-one computer
platform that allows easy planning, better clarification of countries' requlations and regulatory requirements, and implement validation
and quality assurance steps when using customized tools and implants.
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Question: Modularities [ interfaces

How can the in vivo behaviour of interfaces between implant components (e.g. head-conus-connection, not articulation partners) be
assessed pre-clinically, for example concerning the consequences of micro motion or corrosion processes?

1. Which test methods concerning modularities / corrosion [ performance in vivo/in vitro do exist?
2. Which aspects cannot be covered by the current test methods?
3. Which are the requirements for the testing [ the characterization of implant modularities and what needs to be considered?

Summary | Recommendation:

Test methods concerning modular interfaces are available (e.g. ASTM F1875) and they are frequently used in short- or long-term
applications. By mechanically loading the interfaces, several outcome variables like electrochemical parameters or the amount of lost
material are assessed. Furthermore, some studies focus on the analysis of interface micro motions. Nevertheless, in the past, clinically
relevant failure modes regarding modular connections were not completely predictable by these testing methods. Current research has
pointed out the importance of an appropriate test fluid and the addition of pH lowering additives or corrosion enhancing supplements such
as H202, FeCI3 or HCl are of interest and should be considered in pre-clinical testing. To evaluate the fretting and fatigue performance of
modular connections the addition of bovine calf serum to the test fluid should be considered.

Furthermore it appears to be advisable to perform long-term tests and to gain quantitative information about the amount and
composition of the degraded material.

Moderate

920 - super majority, strong consensus (92% agree [ 3% disagree | 5% abstain)

°J

test fluid

O W

Figure.1: Example of a testing principle to pre-clinically study modular interfaces.
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Search platform used: Web of Science

Search terms:

TS=(pre-clinical OR preclinical OR in vitro OR experimental) AND TS=(modular OR taper) AND TS=(corrosion OR fretting OR micro
motion) AND TS=(hip OR knee OR arthroplasty OR joint replacement) NOT TS=(finite element OR FEM)

Timeframe: ALL (1920-2021)

Flow chart literature selection process:
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Wear and corrosion at modular connections in arthroplasty have been recognized to cause potential concerns, with multiple clinical
reports on adverse local tissue reactions and subsequent early failure of joint replacements (1). Fretting and corrosion at the taper junction
are initiated by small oscillating movements (micro motions) at the interfaces leading to distortion of the protective passive layer of
the alloy. Starting from mechanically initiated cracks in the passive layer crevice, corrosion and galvanic corrosion may take place and
accelerate the corrosive attack on the alloys (2-4).

Modular interfaces may be assessed pre-clinically by dynamic fretting corrosion testing. Herby, the modular connection is immersed
in a corrosion promoting fluid and the components are mechanically loaded (Figure 1). Corrosive degradation is typically assessed by
determining electrochemical parameters or by measuring the amount of lost material. Furthermore, some studies focus on the amount
of interface micro motions, as these are considered to promote or initiate the corrosive attack. Table 1 summarizes the findings of the
systematic review on studies that are describing testing methods of modular interfaces in that context. Hereby the testing conditions in
terms of applied forces, test frequency and test duration as well as the used test fluid are summarized. Moreover, the outcome parameters
are given, that were used to describe or measure the corrosive induced degradation. Mainly head-stem taper connections were studied
but also the interface of acetabular cups (5) or modular connections of revision implants (6). The components were loaded with maximum
forces ranging between 2.1 and 5.3 kN and most studies applied low frequencies (1-5 Hz). The studies can be divided into short-term (~ a
couple of thousand load cycles) and long-term (~ a couple of million load cycles) studies. Regarding the test fluid, most studies used some
kind of pH-neutral saline solution (PBS, Ringer, etc.) and some studies applied serum. Only few studies reported the use of fluids with a
low pH-value (7-9).

Regarding the assessment of corrosion, the short-term studies mainly focused on electrochemical parameters like the open corrosion
potential or the fretting current, whereas long-term studies mainly evaluated the amount of released degradation products by determining
the gravimetric or volumetric material loss at the components or the metal ions that were released into the test fluid.
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May 2023

Force to
. . disconnect
Micromotion
the
connection
X
X
X
X
X
X X
X
X
X X
X
X

Table 1: Systematically analyzed studies on corrosion testing of modular interfaces (5-29).

the released particles or ions.

In 1998, the ASTM released the ASTM F1875 standard that serves as a standard practice for fretting corrosion testing of modular
implant interfaces. Two methods are part of this standard, a quantitative analysis (method I) and a qualitative assessment (method Ila/b).

According to method |, the test samples should be loaded with a maximum force of 3.3 kN for at least 10x10° load cycles at a frequency
of 5Hz and a 0.9 % NaCl solution containing proteins (10% calf serum) is used as lubricant. Material degradation is evaluated by analyzing
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According to method Il the test samples are loaded with a maximum force of 2.0 kN for 3600 load cycles at a frequency of 1 Hz and a
0.9 % NaCl solution is used. Corrosion is characterized by electrochemical evaluation (measurement of corrosion potential Ila or corrosion
peak current llb).

Until approx. 2008-2010, implant modularity was only weakly associated with real clinical problems and material degradation was
mainly reported as phenomenon or some single case reports addressed clinical issues (1, 30). With the introduction of modular necks
and large metal heads in THA, this situation has dramatically changed. Several studies identified the modular connection as a source
for corrosive degradation and the release of degradation products (e.g. metal ions, particles, metalorganics, etc.). A number of studies
quantified the amount of degraded material at the modular connection of clinically failed implants (Table 2).

Amount of degradation / wear

Author(s) Numl:‘zzr(;efj;:lysed Type of Implant in mm’/year
mean or (median)

1 Langton 2012 63 ASR 0,44
2 Langton 2012 43 Articuleze 0,13
3 Nassif 2013 8 Taper Type 1 0,5%
4 Nassif 2013 6 Taper 11/13 1,8%
5 Nassif 2013 26 Taper 12/14 0,7*
6 Matthies 2013 110 Diverse LH-MoM 0,85
7 Bishop 2013 2 Pinnacle 0,97
8 Bishop 2013 3 Durom LDH 2.8
9 Brock 2015 72 Corail 0,13* (median)
10 Brock 2015 32 SROM 0,08* (median)
11 Hothi 2015 10 Coralil 0,24 (median)
12 Hothi 2015 10 SROM 0,13 (median)
13 Whittaker 2017 50 Corail 0,27 (median)

Table 2: Comparison of various studies on annual taper wear (3, 31-36). *- values taken from diagram.

If the studies with larger numbers of cases (n>10) are taken into account, the mean annual taper degradation volumes vary between
0.08 mm3 and 0.85 mm3. These values appear to be low if they are compared to the articular wear of metal-on-metal bearings, but
corrosive degradation products have been considered to be more aggressive compared to the articular wear products (3, 37, 38).

In addition to the studies listed in Table 2, there are two studies in which taper wear was quantified for metal-polyethylene bearing
without reporting taper wear associated clinical problems (39, 40). These studies reported annual taper wear rates ranging from 0.03 mm?/
year to 0.05 mm?/year. If the study results on taper wear summarized here (Table 2) are evaluated, it is difficult to differentiate between
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uncritical taper wear and problematic taper wear. However, it can be stated that numerous studies describe mean annual taper wear rates
in the range of approximately 0.08 mm® to 0.85 mm?, where metal-associated reasons for revision are increasingly reported. In contrast,
metal-associated problems seem to play a minor role when taper wear is lower.

Retrospectively, it can clearly be stated that the existing methods to pre-clinically evaluate modular interfaces were not able to predict
the aforementioned severe clinical problems related to modular interfaces.

Different reasons may be considered regarding this aspect. The mechanical loading conditions applied in the test methods used (Table
1 and ASTM F1875) are mostly close to the in-vivo loading conditions in terms of magnitude and frequency (41) and the long-term tests
also represent several years of service in the patient (42). Nevertheless, time depending degradation processes are hard to be simulated
pre-clinically.

Moreover, recent research has pointed out the importance of the test fluid to mimic the liquid in the joint (7, 9, 43-46). The joint fluid
in the human body might be more aggressive in comparison to the mostly used saline based solutions in recent testing methods (Table 1,
ASTM F1875). Consequently, the test fluid in pre-clinical studies might be altered to a corrosion promoting fluid. For example in retrieved
implants it has been noticed that the pH value in the crevice may turn to be low and highly acidic (9). Such a reduced pH is considered to be
related to crevice corrosion processes, which generate hydrogen ions that dissolve in the fluid within the crevice. Further retrieval studies
have highlighted a potential inflammatory cell-induced corrosion due to the formation of reactive oxygen species, specifically hydrogen
peroxide (H,0,) (46). Regarding the fretting and fatigue performance of modular titanium-titanium connections a solution that contains
bovine calf serum has been proposed as a promising test fluid (7).

Consequently, current research is focusing on the development of appropriate test fluids and the addition of pH lowering additives
or corrosion enhancing supplements. Additives like H,0,, FeCl, or HCI are of interest and should be considered in pre-clinical testing of
modular interfaces. It should be noted that the ASTM 1875 is currently being revised. Therefore, reqular monitoring of the standards and
scientific data is recommended.

Micro motion analysis, as conducted in some studies (Table 1), might be an interesting parameter, to directly compare the fixation
properties of modular interfaces. Nevertheless, the applied analytical methods vary and the magnitude of measured micro motions highly
depends on the analytical method. Moreover, the corrosive induced material degradation is influenced by several further aspects like the
crevice shape and volume or the surrounding fluid.

Regarding the aforementioned considerations, pre-clinical testing of modular interfaces appears to be essential. Short time tests may
help to directly compare different designs, surface treatments etc. but they do not provide sufficient information regarding the amount of
degraded material and its potential clinical relevance. To achieve such information it seems to be advisable to perform long term tests and
to gain quantitative information about the amount and composition of the degraded material. It needs to be noticed that the currently
applied testing methods appear to be improvable in particular regarding the application of appropriate testing fluids.
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Question: Modularities [ Interfaces

How can the in vivo behaviour of interfaces between implant components (e.g. head-conus-connection, not articulation partners) be
assessed clinically, for example concerning the consequences of micro motion or corrosion processes?

Summary [ Recommendation:

The in vivo assessment of the behaviour of interfaces, like the clinical consequences of micro-motion or corrosion processes, includes an
appropriate patient/implant stratification, plain X-rays, serum metal ion levels and cross-sectional imaging (MARS MRI). A patient-implant
stratification is mandatory to predict the cases at higher risk of complications, when close surveillance is appropriate.

In vivo clinical manifestations of interface damages are adverse local tissue reactions (Cr-Co alloy modularity in single or dual taper
implants) or catastrophic failures (Ti alloys in dual taper implants). The cases at high risk encompass: active overweight male patients,
high offset, 36 mm heads or larger. In these cases, a simple X-ray should be performed and infection ruled out (inflammation markers and
synovial fluid aspiration). Second level investigations include serum metal ion levels in Cr Co alloys (single taper: cobalt level >1 ng/ml (1
ppb) and the Co/Cr ratio >2/ dual taper: thresholds can be as high as 2.8 and 3.8). Ti blood ion assessment in dual taper Ti implants is less
standardized probably not useful. Cross sectional imaging (MARS MRI, or CT and US as second choices) may identify adverse local tissue
reactions, usually >3mm thick walled cystic/solid masses.

Moderate/Poor

849% - super majority, strong consensus (84% agree [ 5% disagree [ 11% abstain)

Clinical assessment of non-articular interface complications |

Patient\implant stratification: I

Low risk: Medium-high risk:
-Low activity patients -Active overweight male patients
-Weight <80 Kg -Recalled devices or registry warning
-No symptoms -Dual taper with CrCo modularity
-Mute clinical examination -High offset
-Ti6Al4V single taper implants | | -Large heads >36 mm
-Normal offset -Painful single taper implants with CrCo
-No suspects after standard X- head (TMZF stem)
rays -Symptomatic patients with change in gait
-Dual taper Ti implants -Abnormal radiography (erosion, osteolysis)
Standard\annual follow-up l I Exclude periprosthetic infection
Serum Cr Co level:
single taper: cobalt level >1 ng/ml (1 ppb)
and the Co/Cr ratio >2/ dual taper: thresholds
can be as high as 2.8 and 3.8

MARS MRI

Not applicable
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Non articular interfaces in arthroplasty, while providing more choice and more modularity, promoting more “customizable” implants, are
inevitably prone to some adjunctive failure modalities, which can be a relevant reason for revision and a cause of severe periprosthetic
tissue damage (1-3). To date, two main failure modalities have been identified: mechanically assisted crevice corrosion and cantilever
bending motion (3). These two failure modalities are strictly dependent on the involved metal alloys. CrCo alloys may cause corrosion
ending in adverse local tissue reactions (ALTR), with a spectrum of MOM-like damages: these events may take place in single or dual taper
implants (1,3,4). Ti alloys have a micromotion that in some cases may ultimately lead to catastrophic failures in dual taper implants (1,3,4).

Clinical assessment of non-articular interface complications can be important to anticipate the local damage, making the revision
surgery potentially simpler and more effective (3). Considering that many failures are reported in short/mid-terms, appropriate evaluations
should be made soon after the implantation (1-4).

The first step to take in the clinical assessment of non-articular interface complications is patient/implant stratification, with the aim
to identify the cases at higher risk for non articular interface complications (4,5).

Very low risk patients/implants are:

- Low activity patients

- Weight under 80 Kg

- No symptoms

- Mute clinical examination

- Ti6AI4V single taper implants with 32 mm ceramic head or smaller

- Normal offset

- No suspects after standard radiographic follow-up
Ti6AI4V single taper implants with 36 mm ceramic head or larger appear low risk devices (5).

Dual taper Ti implants are considered low risk implants (4). However, dual taper Ti implants in active overweight male patients with high
lever arms are implants at risk for catastrophic failure (6,7). In these cases, some Authors discourage the use of such implants (7). While it
is difficult to provide a percentage of risk, as the catastrophic failures are also dependent on implant design, it is likely that less than 1%
of the dual taper Ti implants may fail due to interface complications (junction breakage) (1). To date there is no ascertained way to predict
the failure of dual taper Ti implants. In these cases, it seems that to date, nothing more than annual follow-up can be recommended (4).
The only recommendation is to avoid implantation of dual taper Ti implants in patients at higher risk (7). Unfortunately, the blood and
serum Ti levels cannot provide any help to clinicians, as normal ranges are not determined and there is a substantial lack of methodological
standardization for every kind of hip arthroplasty (8-11).

Patient-implant stratification for medium/high risk cases (4,5,12):

- Active overweight male patients

- Dual taper implants with recalled devices (or registry warnings)

- Dual taper with CrCo modularity

- High offset

- Large heads >=36 mm

- Painful single taper implants with CrCo head (in particular V40 taper in TMZF stem)

- Symptomatic patients with change in gait

- Abnormal radiography (erosion, osteolysis)

In these cases, more strict monitoring should be considered (at least 6 months) (4). In case of symptomatic patients with abnormal
radiographic findings, periprosthetic infection work-up is the first step to take: ESR, CRP + synovial fluid analysis (4). The results may be
misleading: CPR false positives are up to 30% in ALTR, synovial fluid analysis is not fully reliable in ALTR (13,14).

After ruling out infection, second level investigations are recommended. It should be clearly stated that, due to the complexity of these
cases and the substantial lack of a very consistent literature, overreliance on any investigative tool should be discouraged (5,15-17).

First, the serum metal ion levels should be assessed (16,18,19). The proposed thresholds are: cobalt level >1 ng/ml (1 ppb) and Co/Cr
ratio >2 (Sensibility-Specificity: 95%-94%); 83%-720% for single taper corrosion) (5,18). For dual taper Cr Co implants, the thresholds can
be as high as 2.8 and 3.8, respectively (achieving lower sensibility and specificity, though) (15-17). Higher serum metal ion levels usually
correlate with pseudotumors, but not with symptoms (15). As the Cr Co thresholds are low, environmental exposition may cause false
positives and should be investigated and considered. Plus, using such low thresholds for Cr Co devices may be questionable: in the SCENIHR
report about MOM implants, a serum Co threshold lower than 7 ug/L improved the sensibility, but deeply affected the specificity (20).
Moreover, the substantial lack of standardization in metal ion assessment may furtherly discredit the validity of low thresholds.

Cross sectional imaging is the other second level investigation which should be performed in case of elevated serum ion levels (5,15,16,19). The
ion-level based approach may be cost-effective, but may miss some cases with ALTR/pseudotumor, at least, as the natural history of ALTR is still
largely unknown (17). Another logical approach would be a universal monitoring with a cross sectional imaging at two years after implantation,
in all medium/high risk cases: the best surveillance has not been determined (17). MARS MRI is the best cross sectional imaging (lower quality
alternatives are US and CT) (5,15,19). 3D multispectral imaging techniques as SEMAC MAVRIC advanced WARP are other promising MRI tools, but
to date the use is limited and not standardized and no recommendations can be made (5). Pseudotumors can occur in up to 36% of dual taper
CrCo implants at short terms (15). The most common findings in ALTR due to taper corrosion are >3mm thick walled cystic masses (around half of
the cases); secondly, another finding can be solid masses (15,19). These findings are different from the MOM implants, which usually have cystic
masses with <3 mm thickness, in more locations (18). However, to date, there is no validated scoring system for symptomatic ALTR and some
variability still exists in MARS MRI protocols: thus, although MARS MRl is an highly sensitive tool, there are some notable limits (19).
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The role of synovial fluid aspiration, with Cr Co analysis, has been used in MOM implants, but to date there is no study about non articular
interfaces and no thresholds can be determined (14). Pre-operative periprosthetic biopsies to detect ALTR may be a solution in doubtful cases,
but no study has been conducted so far: moreover, there is no correlation between local tissue response to metal debris and clinical problems
possibly leading to revision (20). Differently from MOM bearings, dual taper implants released Cr,0, and amorphous TiO, in laboratory setting,
identifying two possible markers for metal ion analysis in periprosthetic tissues (21). However, there is no clinical validation to date.

To date, the rise of dual mobility implants introduces the issue of non-articular metal ion release from cup-liner modularity, possibly
leading to ALTR. This possible source of metal ion was identified even in MOM implants with cup-liner modularity (22). The Cr Co release
seems of minor concern in dual mobility implants with cup liner modularity. A mild elevation of blood Co level was detected in less than
20% of the patients, when ceramic head was implanted, no metal ion elevation was observed (23,24). While no recommendations can be
made about modular dual mobility cups, to date the behaviour of cup-liner interfaces seems not worrisome.

In summary, the clinical assessment of the behaviour of non-articular interfaces is still poorly described, many of the investigations and
their thresholds are based on very few qualitative studies.

While clinical assessment of non-articular interfaces is less defined, a few recommendations can be made about the use and the choice
of single-taper and dual taper implants. The retrieval studies confirmed that Cr Co devices may cause metal ion release and ALTR, similarly
to MOM implants (3,4,25). Mixing metal alloys may trigger mechanically assisted crevice corrosion and should be avoided: the Australian
registry showed a higher revision rate for Cr Co exchangeable necks when compared to Ti necks (1,26). On the other side, while dual taper
Ti junctions seem scarcely involved in metallosis and ALTR, these devices may break in active overweight patients with long lever arms
(6,7). Two large registry studies advised against the routinary use of dual taper implants in osteoarthritis (1,2).

Other few recommendations can be made about the surgical technique. To date, it seems that no clinical study can support any technical
tips/technique to assemble tapers. Moreover, to our knowledge there is no validated device/tool to assess the quality of the intraoperative
assembly technique. The only way to assess the correct assembly is the surgeon visual inspection (thus inherently subjective). Most of the
evidence about the correct surgical technique came from biomechanical studies and manufacturer's brochures (27-29). A correct matching
is paramount: taper and bore should come from the same manufacturer (27,28). Cleaning and drying the taper (and the bore in particular)
is universally recognized as a fundamental passage in order to provide a correct assembly (5-7,27-29). Moreover, the impaction force has
been advocated as another important factor affecting the quality of the assembly: a minimum force of 4000 N should be exerted, using
a 500 gr hammer on a specific impactor aligned with the axis of the taper (28,30). Ceramtec provided also some practical guidelines
for ceramic head implantation summarizing the main advises (taper protection, clean and dry, impaction with moderate force, single or
multiple hammer blows) (31).
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1. Abstract
Question: Implant fixation

How can be assessed pre-clinically if a reasonable primary and secondary stability, as well as a physiological application of force / force
transmission into the underlying bone can be achieved when using a cemented implant?

1. Which (standard) test methods can be used in case of a cemented implant fixation for the pre-clinical assessment of the primary
stability and the cement mantle?

2. Are there test methods which enable the assessment of long-term fixation using a cemented implant (secondary stability)?

3. How meaningful are they for the actual clinical application?

Summary /| Recommendation:

Loosening remains the main non-septic reason for revision both for knee and hip.

No standard is available for testing the primary or long-term stability of cemented implants, nor to assess the load transfer to the host
bone. The only existing standards refer to the properties of the acrylic cement in itself.

Several testing methods to assess the primary and long-term performance of cemented hip stems have been published. Some of them
have been validated by testing devices with clinically-known performance. Similarly, numerical studies have been published, based on the
finite element method (FEM). Very little can be found for the stability of cemented acetabular cups (mainly under simplified conditions).
The main limitation of experimental testing is that long-term simulations can only be performed on synthetic bone models. FEM allows
simulating real bone and its adaptation over time. The main concern about FEM study is when the model is not validated.

Methods have been developed for testing the short-term and long-term stability of the femoral component of TKA, based on synthetic
models. Also, the stability of the tibial component has been tested. FEM models have been developed also for the implant stability of TKA.
Similar strengths and limitations apply to investigating the knee.

As reliable test protocols have been presented, these should be applied in the pre-clinical phase. Numerical models (FEM) shall be used
during the design process to address those aspects that cannot be assessed experimentally. Only validated FEM should be accepted.

2. Level of Evidence
Moderate

3. Consensus Delegate Vote
93% - super majority, strong consensus (93% agree [ 7% disagree [ 0% abstain)

4, Graphical Abstract
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5. Search Strategy

The search was carried out in three phases:
1) In the preliminary phase, the incidence of the different loosening failure scenarios was investigated. The Hip and Knee registries of
arthroplasty were interrogated. Only registries meeting the following criteria were considered:

e Covering a population of at least 4 million citizens

® [ncluding at least 1000 revision cases
® Follow up of at least 4 years

2) The ISO and ASTM database were interrogated for relevant test methods.
3) To investigate the published test methods, journal papers were searched, using PubMed (National Library of Medicine)

Search string:

(pre-clinical OR preclinical OR in vitro OR biomechanical) AND (“hip" OR “knee") AND (“implant” OR “prosthesis” OR “stem” OR
“acetabulum” OR “tibial” OR “femoral” OR “patellar”)

AND (“implant stability” OR “long term stability” OR “loosening”) AND (“cemented” OR “cement")

Timeframe: ALL (1920-2020)

While the entire database, was searched, here only a selection of the relevant ones is presented.

6. Rationale

Aseptic loosening is the main cause of non-septic revision both for the hip (between 15.6 and 30.9% of the revisions, Table 1) and the
knee (between 17.0 and 38.4%, Table 2). Most loosening events both for cemented hips and knee occur in the mid- and long-term and are
associated with fatigue failure of the cement under cyclic loading (1-4). An active patient is likely to walk 1M steps every year or more.

While standards exist for testing the short-term (e.g., ISO 5833) and long-term performance (e.g., ISO 16402, ASTM F2118) of acrylic
bone cement as a material, no standard exists for assessing the short- and long-term stability of cemented implants, nor the transfer of
load from the prosthesis to the host bone.

Considering the relatively low failure rates of both THR and TKR, pre-clinical validation (both with in vitro experiments and with
numerical models) must focus on the most critical scenarios (the tails of the distribution, associated with high BMI, active patients, poor
bone quality etc) as these are the cases where failure might occur (5-7). Indeed, addressing the "average" patient would not capture the
real risk of failure, which is an event occurring in non-average patients.

Stability of cemented hip stems

In-vitro test methods have been published to test the long-term stability of cemented hip stems (8-11). In order to test relevant fatigue
scenarios 10 or more years of patient activities should be simulated. Considering the viscoelasticity of bone cements, test frequency
should not exceed 4Hz. Therefore, an accelerated protocol is required, focusing on the most critical motor tasks (e.g., negotiating
stairs, entering a car, stumbling) rather than low-magnitude ones (e.g., walking). Different motor tasks have been simulated in-vitro,
highlighting the importance of a realistic load history (including occasional overloads) in eliciting failure of sub-optimal implants (12-14).
Cadaveric specimens are not suitable for such long tests because of preservation issues, and because dead one tissue would undergo non-
relevant fatigue fractures. Similar methods have also been implemented for cemented resurfacing prostheses (2). These protocols rely on
displacement transducers (LVDT) and/or the use of dye penetrants to identify fatigue cracks in the cement mantle. The reliability of such
protocols has been proven by applying the same protocol to commercial devices with known clinical follow-up (15,16). Also, several FE
models have been published: these allow simulating different bone anatomies, bone quality and bone adaptation (17-20). Only models
that have undergone a quantitative validation should be considered for pre-clinical purposes (21,22).

Stability of cemented hip cups

Very little can be found in the literature for the stability of cemented acetabula, probably also in relation to the limited use of cemented
cups. Most published experiments relied on simplified test conditions, mostly blocks of synthetic bone models (2)(23,24)(25)(26,27).
This approach offers two advantages: (i) the testing conditions are reproducible; (ii) long-term simulations can be performed without
the problems of using cadaver tissue. The main limitation of this approach is the difference of anatomy and distribution of mechanical
properties from the human pelvis. In vitro experiments with cadaveric pelvises focused on the short-term performance (14,28,29). Pilot
studies have been published where synthetic (composite) pelvises have been used as a test bench. Digital image correlation (DIC) can be
used to track implant motions and measure periprosthetic deformations at the same time. In principle, this approach could be extended to
test the long-term performance of cemented cups in more realistic conditions.
While in principle it