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Abstract

Background Polyaryl-ether-ether-ketone (PEEK) has gained popularity as a substrate for orthopaedic hardware due to its
desirable properties such as heat and deformation resistance, low weight, and ease of manufacturing. However, we observed
arelatively high failure rate of PEEK-based hinges in a distal femur reconstruction system. In this study, we aimed to evalu-
ate the proportion of patients who experienced implant failure, analyse the mechanism of failure, and document the associ-
ated clinical findings.

Methods We conducted a retrospective cohort study, reviewing the medical charts of 56 patients who underwent distal
femur resection and reconstruction with a PEEK Optima hinge-based prosthesis between 2004 and 2018. Concurrently, we
performed a clinical and biomechanical failure analysis.

Results PEEK component failure occurred in 21 out of 56 patients (37.5%), with a mean time to failure of 63.2 months
(range: 13—144 months, SD: 37.9). The survival distributions of PEEK hinges for males and females were significantly dif-
ferent (chi-square test, p-value=0.005). Patient weight was also significantly associated with the hazard of failure (Wald’s
test statistic, p-value=0.031).

Discussion Our findings suggest that PEEK hinge failure in a distal femur reconstruction system is correlated with patient
weight and male gender. Retrieval analysis revealed that failure was related to fretting and microscopic fractures due to
cyclic loading, leading to instability and mechanical failure of the PEEK component in full extension. Further assessment of
PEEK-based weight bearing articulating components against metal is warranted.

Keywords Polyaryl-ether-ether-ketone - PEEK - Biomechanical failure - Prostheses - Femur reconstruction

Introduction

Multiple challenges are associated with successful joint
reconstruction following a distal femur resection. The loss
of bone and soft tissue knee joint ligaments are significant
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mechanical issues that must be effectively addressed [1].
One potential solution is the use of specialized hinged
tumor mega prostheses, which offer inherent joint stability,
predictable and functional range of motion, and the ability
for immediate weight bearing postoperatively [2, 3]. Modu-
lar distal femur reconstruction systems, offered by various
manufacturers, provide a range of implant sizes and designs
that allow for the accurate assembly of optimal size pros-
theses to replace both resected bone and soft tissue joint
restraints [4]. This facilitates the planning and execution
of tumor resection and reconstruction surgery in a manner
similar to primary joint arthroplasty.

Modern modular fixed or rotating hinge knee systems
have remained relatively unchanged in terms of their concep-
tual design over the past three decades. While these systems
have shown acceptable durability and reliability compared
to non-tumor knee arthroplasty systems, the search for
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more durable and better-performing prostheses continues.
The current systems are mainly composed of a metal and
polyethylene combination, and there is a need for innova-
tions that can improve their performance and longevity [5,
6]. Mega-prosthesis revision surgery can be both physi-
cally and financially taxing for patients and the healthcare
system. While peri-prosthetic joint infections are the most
common cause of early revision surgery, aseptic loosening
or structural implant failure often result in late revisions [4].
In their study of 669 patients undergoing fixed-hinge knee
megaprosthesis for musculoskeletal tumors, Ruggieri et al.
found higher survival rates to breakage with the Howmedica
Modular Reconstruction System (HMRS®, Stryker, UK)
compared to the Kotz Modular Femur-Tibia Reconstruction
system (KMFTR®, ,Stryker, UK) prosthesis at both 10 and
20 years of follow-up, with statistically significant differ-
ences [7]. In 2014, Henderson et al. categorized endopros-
thesis reconstruction failure following limb salvage surgery
into three general categories, which include mechanical,
non-mechanical, and pediatric [8]. These categories were
further divided into six failure modes, namely soft tissue,
aseptic loosening, structural, infection, tumor progression,
and pediatric (type 1 to 6 respectively).

Pala et al. investigated several mega prostheses of the
knee in tumor and revision surgeries and reported that
despite advancements, complications remain common, with
infection often cited as a leading cause of failure. Silver-
coated implants and the use of the gastrocnemius muscle
flap can mitigate infection risks, while noninvasive expand-
able prostheses are crucial in pediatric cases to prevent leg
length discrepancies [9]. This study focuses on mechanical
structural failure of a hinge component composed of Polya-
ryl-ether-ether-ketone (PEEK).

In the late 1980s, the medical industry recognized the
biocompatibility of PEEK, a polyaromatic ketone poly-
mer. PEEK possesses biological and physical traits that are
closer to bone as compared to traditional metal and poly-
ethylene implants, including relative heat and deformation
resistance and a lower creep rate [10—-13]. PEEK is light-
weight and easy to manufacture, and its ability to withstand
chemical and radiation damage, as well as its reduced dis-
tortion on three-dimensional imaging, has led to numerous
studies exploring its potential as a substrate for orthopedic
load-bearing implants [14]. While it has shown promise
in studies focusing on its use in fracture fixation plates in
orthopedic trauma [15-17], reports of PEEK’s failure as
an articulating component against metallic counter face are
gradually emerging [18, 19]. PEEK’s reduced structural
stiffness may lead to reduced interface stresses, eventually
resulting in deformation and instability of knee arthroplasty
prostheses, as described by Abdullah et al. for PEEK femo-
ral components [20, 21].
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The MUTARS® (Modular Universal Tumor and Revi-
sion System by Implantcast in Buxtehude, Germany) sys-
tem, introduced in 1992, is widely distributed worldwide.
In 2003, a new PEEK-based locking mechanism was intro-
duced for the system’s distal femur reconstruction, known
as the MUTARS® PEEK Optima®, which is still produced
upon request. However, in 2015, the company released the
new MK generation of the MUTARS® system, featuring
a metal femoral hinge and discontinued the routine use of
the PEEK hinge system. PEEK-OPTIMA™ (Invibio Ltd,
UK) has been considered as an alternative joint arthro-
plasty bearing material comparable to Cobalt Chrome, in
the distal femur component due to its favorable mechanical
properties and the biocompatibility of its wear debris [22].
In this situation the PEEK optima is coupled with an Ultra
High Molecular Weight PolyEthylene (UHMWPE) tibial
component.

This study addresses the mechanism of failure of the
PEEK-Optima hinge, including analyzing the root cause
for the failure, the proportion of patients who experienced
structural prosthesis failure, and documenting the character-
istic symptoms and clinical findings associated with it.

Materials and methods

This study is a retrospective cohort analysis that involved
a review of patient medical records in our institute, follow-
ing approval from the ethics committee. The database was
examined from January 2004 to October 2018, during which
56 patients in our tertiary medical center underwent distal
femur resection and reconstruction utilizing the MUTARS
PEEK Optima system. The procedure was performed to
treat various bone pathologies, with osteosarcoma being the
most common underlying diagnosis in 40 out of 56 patients.
Our study began in 2004 when we initially started using
the IMPLANTCAST’s MUTARS system with the PEEK
Optima hinge, and it ended in 2016 with our last utiliza-
tion of this system for a primary distal femur reconstruction
procedure.

After undergoing reconstruction surgery on their distal
femur, patients were scheduled for regular appointments at
the outpatient clinic for follow-up. They were initially seen
at 3-, 6-, and 12-week post-surgery, and every 3 months
for the first two years. After the two-year mark, the time
between appointments gradually increased. The radiologic
follow-up for the operated extremity included full leg length
plain X-rays every 3 months and full-length femur MRI’s
every 6 months for the first two years, followed by yearly
MRIs thereafter. Chest CT scans and X-rays were used for
systemic follow-up. In this retrospective study, we evaluated
X-ray imaging data to measure the tibial base plate angle
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and the length of the femoral component. These parameters
were assessed to analyze their association with the hazard of
PEEK lock failure.

During the clinical follow-up, the patient’s gait and leg
length were evaluated, and the operated extremity was
inspected and palpated. Next, the operated knee’s range
of motion and stability were assessed. PEEK lock failure,
which is characterized by obvious knee hyperextension, was
detected through physical examination. However, in some
cases, the clinical presentation differed and involved medio-
lateral instability with little or no hyperextension. A careful
history may aid in diagnosing PEEK lock failure, as patients
may report a specific moment when their knee became
unstable and complain of instability while going downstairs.
Although various imaging techniques were used, none were
able to demonstrate the fracture of the PEEK lock.

Biomechanical failure analysis

To investigate the root cause of PEEK mechanical failure,
three failed PEEK lock components were analyzed using
the following methods:

Visual inspection involved surveying the PEEK lock’s
surface with a high-definition camera and stereographic
microscope. This was performed to classify the macro-frac-
tures modes, determine their relation to mechanical over-
loads, and to locate the origin of crack initiation. The lock
was also examined for possible manufacturing defects, such
as macroscopic damage and their location compared to an
unused lock.

Fractographic examination was carried out using a scan-
ning electron microscope (SEM) in order to classify micro-
fracture modes. This was done after coating the fracture

Table 1 Patient demographics

Age (years) 30+21.5
Gender

Male 35 (62.5%)
Female 21 (37.5%)
Bone Sarcoma (n=48) 48 (86%)
Osteosarcoma (n=40) 40 (71.4%)
Follow-up Duration (months) 71.3+61.2
PEEK Component Failure 21 (37.5%)
Time to PEEK Component Failure (months) 63.2+37.9
Weight at Time of PEEK Failure (kg)* 75.5+15.7
BMI at Time of PEEK Failure* 249439
Time to Failure or End of Follow-up (months) 50.1+44.6
Minor Revision Surgery 14
Complete Revision Surgery 12

Tibia Baseplate Angle (deg) 90+1.1
Femoral Component Length (cm) 20.5+9.3

Values are presented as mean + standard deviation

*Data is missing for 10 patients

surface with gold. Since PEEK is non-conductive, the gold
medium was used to reveal the fracture’s specific features,
aid in understanding the material’s failure modes, and iden-
tify the initiation site of the fracture. Broken locks were ana-
lyzed to demonstrate plastic deformation and wear traces,
while an intact lock was examined to track the wear process
on its interaction surfaces with both the implant’s polyethyl-
ene and metal components.

Metallographic examination using optical microscopy
involved performing a perpendicular metallographic cross-
section in areas where wear traces were detected. This
helped determine the depth and orientation of microcracks
beneath the surface.

Statistical methods and analysis

Kaplan-Meier survival analysis was used for categorical
variables. Cox regression was used to ascertain the effects
of a continuous variable or multiple variables upon the time
of failure. P-values were corrected for multiple comparisons
using the Benjamini—Hochberg (BH) procedure. P<0.05
was considered as statistically significant. Statistical analy-
ses were performed using IBM SPSS version 28 and R ver-
sion 4.2.2. To identify potential predictors of failure hazard,
we performed Kaplan-Meier survival analysis on gender,
primary tumor vs. metastasis or complication, and anatomic
location. We used log-rank tests to evaluate differences in
survival distributions among the different groups within
each variable. Data regarding the patient’s weight and con-
sequently the BMI, was missing in 10. These observations
were excluded from regressions on patients’ weight.

Results

Table 1 presents the demographic and clinical characteris-
tics of 56 patients who underwent distal femur resection and
reconstruction using the MUTARS PEEK Optima system.
The mean age of patients at the time of primary reconstruc-
tive surgery was 30 years (range: 7-86 years, SD: 21.46),
with a male to female ratio of 35:21. Among them, 48
patients had bone sarcoma, with osteosarcoma being the
most common (n=40, 71.4%). Furthermore, chondrosar-
coma was identified in 5 patients (8.9%), while metastatic
carcinoma, metastatic myxoid liposarcoma, and multiple
myeloma each accounted for 1 case (1.8%) respectively.
The mean length of follow-up was 71.32 months (range:
2-244 months, SD: 61.2). Patients with less than a year of
follow-up had unfortunately passed away within 1 year fol-
lowing the index procedure. Notably, none of these patients
experienced a PEEK failure during the observed follow-up
period. This outcome underscores the critical nature of the
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disease and the challenges associated with achieving long-
term follow-up in patients with bone sarcomas. PEEK com-
ponent failure occurred in 21 of the 56 patients (37.5%),
with a mean time to failure of 63.19 months (range: 13—144
months, SD: 37.9). Among patients who experienced PEEK
component failure, 14 underwent minor revision surgery,
replacing only the damaged component, while 12 underwent
complete prosthesis revision using the newer MUTARS MK
(Modular Knee) system. These indications primarily include
cases of implant loosening and infections necessitating the
exchange of both the tibial and femoral components. After
minor revision surgery, two patients experienced additional
PEEK failures. One patient encountered the subsequent
PEEK failure 6 months post-revision surgery, while the sec-
ond patient experienced it after 36 months.

The PEEK survival distributions for males and females
were found to be significantly different, with a chi-square
test of 7.807 (p-value=0.005). However, there was no sig-
nificant difference observed between primary tumor and
metastasis or complication, with a chi-square test of 0.039
(p-value=0.844). The variables of tibial base plate angle,
femoral component length, and age at surgery were found
to have no significant association with the hazard of PEEK
lock failure. Cox regressions were performed for tibia base-
plate angle (Wald (1)=0.192, p-value=0.661), femoral
component length (Wald (1)=0.084, p-value=0.773), and
age at time of surgery (Wald (1)=2.391, p-value=0.122).

The analysis revealed a significant association between
patient weight and the hazard of failure, with Wald’s test
statistic yielding a value of 9.571 and a p-value of 0.002.
Additionally, patient weight at the time of PEEK failure was
also found to be significantly associated with the hazard of
failure, with Wald’s test statistic yielding a value of 4.641
and a p-value of 0.031. Conversely, BMI (with a p-value
just below 0.1) and BMI at the time of PEEK failure failed
to reach statistical significance, with Wald’s test statistics
of 3.667 and 3.032, respectively. Due to high correlation
among these four variables, only patient weight at time of
surgery was included in the multivariate Cox model.

A multivariate Cox regression analysis was conducted to
examine the influence of gender and patient weight mea-
sured at the time of failure on the outcome. The interac-
tion term was not statistically significant (Wald (1)=0.422,
p=0.516) and was eliminated from the model. The covari-
ates were not dependent on time (¥2(2)=0.562, p=0.755),
indicating that the proportional hazards assumption was
met. Results showed that females had a significantly lower
hazard of failure compared to males (Wald (1)=4.387,
p=0.036, HR=0.242, CI: [0.064, 0.913]). Additionally,
higher patient weight was found to be a significant posi-
tive predictor of failure hazard (Wald (1)="7.733, p=0.005,
HR=1.050, CI: [1.014, 1.087]).
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Biomechanical analysis results

Implant failure analyses of three PEEK lock retrievals (one
broken and two worn down) were compared to a new un-
used PEEK Optima implant. Figure 1 illustrates the different
components of the distal femur prosthesis. The PEEK fail-
ure occurred at the stress concentration at the end of the slot
as shown in Fig. 2a-b. Failure occurs at the point of maximal
extension due to stress concentration from cyclic loading.
Figure 3 shows the macroscopic fracture modes. A flat crack
is limited by a dashed line followed by a rough one with
fracture features that points out the crack propagation direc-
tion (Fig. 3b). This is the slow growing subcritical crack
growth which occurs initially. The second, with river lines
type fracture with coarse features (Fig. 3b-d) representing
catastrophic unstable crack propagation. The dashed circle
line in Fig. 3a points out the fretting zone which was the
source to crack initiation. Figure 4a-b shows scanning elec-
tron microscopy images of smooth fracture with the tran-
sition from a slow subcritical crack growth to catastrophic
failure. Figure 4e-f depicts fatigue striation as observed in
metallic materials. Here micro-cracks were detected as the
crack velocity increases (see dashed line in Fig. 4f).

Failure analysis of the PEEK which did not fail shows
significant wear both at the tip of the slot (impacted in
full extension) and along the slot sidewalls. (Fig. 5) SEM
images (Fig. 6) show this sidewall fretting damage with
PEEK material displacement leading to irregularity which
leads to joint instability. This was shown to occur in all three
failed PEEK retrievals. (Fig. 7)

Discussion

In our study, we observed a relatively high occurrence of
mechanical failures (37.5%) in patients who underwent dis-
tal femur reconstruction using Implantcast’s MUTARS®
PEEK Optima® system. The majority of patients who expe-
rienced prosthesis failure shared a similar clinical pattern,
presenting with new onset knee instability several years
after surgery, often triggered by activities such as going
downstairs. Clinical examination revealed hyperextension
of the prosthetic knee, and revision surgery showed a broken
or worn-out PEEK-hinge mechanism while the rest of the
prosthesis remained intact. To investigate the possible rea-
sons for these failures, we conducted a retrospective analy-
sis of the performance of the PEEK-hinge based prosthesis.

The analysis of mechanical failures involved examining
the PEEK-locks that were extracted from the failed implants.
Our findings revealed that the failure process initiated with
the formation of microcracks due to fretting mechanisms in
areas of high stress and strain concentration on the surface
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Fig. 1 The components of the dis-
tal femur prosthesis; (a) general
view, (b) the assembled design,
(c) the PEEK hinge component
within the metallic house of the
distal femur component, (d)

the tibial component within the
PEEK hinge component

‘77( a) -

Fig. 2 Figure 2a illustrates a (a)
side-by-side view of the broken
PEEK component compared to
the original. Figure 2b illustrates
one above the other emphasizing
the fracture location as compared
to the complete one. The failure
occurred at the point of impact
during full extension, at the root
of the semicircle, where the metal
post impacts the PEEK

of the component. These microcracks gradually propagated
under cyclic loading, eventually leading to a complete frac-
ture of the implant. We noted this phenomenon at the tip
of the PEEK slot in full extension and on both sidewalls
of the slot. One possible explanation for the high failure
rate could be attributed to the unique physical properties of
PEEK. PEEK has a higher Young’s modulus of elasticity

(®)

value (4.0 GPa) compared to Ultra High Molecular Weight
Polyethylene (UHMWPE) (0.5-1.3), but significantly lower
than Titanium alloy Ti-6Al-4 V (116 GPa). This means
that PEEK is stiffer than UHMWPE but more brittle and
with lower resistance to plastic deformation than Titanium
alloy. This inherent brittleness of PEEK may contribute to
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Fig. 3 Figure 4a-d depicts the
macroscopic failure modes. Two
main macroscopic failure modes
were noticed divided by the
dashed line. The first zone char-
acterized subcritical stable crack
growth followed by unstable fast
crack propagation

its higher failure rate compared to UHMWPE. PEEK wear
occurred in areas of direct contact with the metal hinge post.

Revision surgery for the failed PEEK component con-
sisted of either replacing only the failed PEEK component,
with a new PEEK component, a relatively minor surgical
procedure, immediately restoring the implants stability, or,
a considerably more extensive revision procedure, replacing
the entire prosthesis with the newer generation implantcast
MUTARS’s MK, metal on metal, hinged system. Revising
the implant to a metal hinge, dictates replacing the whole
tibial component, a procedure that carries significant bone
loss. The main disadvantage of replacing only the PEEK
component proved to be a significant risk for an additional
PEEK lock failure. Full scale revision surgery into the
newer MK system proved effective in preventing a recurrent
mechanical failure, however, increases the risk of common
arthroplasty revision surgery complications such as peri-
prosthetic joint infection.

There are several limitations to our study, including a
relatively small study cohort of 56 patients, and incomplete
data on patient weight in 10 cases. Additionally, it is impor-
tant to note that due to the inherent aggressiveness of bone
sarcomas, some patients in our study had relatively short
follow-up durations, resulting in limited observation time
for outcomes assessment. This limitation may affect the
generalizability of our findings and should be considered
when interpreting the results.

The failure of the implants in our study could be attrib-
uted to multiple factors, including the PEEK material,
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hinge design, and component production process. However,
we were unable to pinpoint a single root cause of failure.
Our statistical analysis did reveal a significant association
between failure and male gender as well as heavier weight
at the time of failure, and the mechanical nature of the fail-
ures suggested that the current design of the PEEK hinge
joint may not be sufficient and may require changes and
improvements to address these issues. Further research and
modifications to the PEEK hinge system may be necessary
to improve its performance and reduce the occurrence of
failures in patients.

Conclusions

Our findings suggest that PEEK hinge failure in a dis-
tal femur reconstruction system is correlated with patient
weight and male gender. Retrieval analysis revealed that
failure was related to a fretting process between the metal-
lic component and the PEEK which enhanced the crack ini-
tiation stage followed by crack propagation due to cyclic
loading, leading to instability and mechanical failure of the
PEEK component in full extension.
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Fig. 4 Fracture mode transition
during fatigue crack propagation;
(a) macroscopic fracture mode
slow and unstable crack growth,
(b) flat fatigue mode, (¢) para-
bolic markings like, (d) flat frac-
ture with some indication of stria-
tions like, (e) fatigue striations,
(f) additional alternative mode in
the form of micro-cracking

Det| HV [Mag|si —1 mm— Det| HV
Etd [25.0 kV PEEK Etd|25.0 KV

Sig| HFW

201
X SE[0.17 mm 11:11:42
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Fig.5 Fretting wear damage

on both sides of the slot walls
(see arrows in Fig. Sa-d) which
affected the symmetry of the

slot as marked by dashed line
together with an arrow (Fig. 5c).
These surfaces are shinier
(emphasized by the gold coating
needed for the SEM charac-
terization) as compared to the
rest of the wall with a brilliant
appearance, characterized by
circumferential traces. The wear
traces which started from the end
of slot radius, extended up to
10-15 mm ahead and resulted in (¢)
the formation of a miniature wall

at the outer side (see dashed line

in Fig. 5d)

Fig.6 Scanning electron
microscope (SEM) tracking on
the knoll bottom at the right

side (Fig. 6a) indicates that

the damage due to the material
displacement appears as a surface
network of micro-cracks as
shown in Fig. 6¢-d with different
magnifications

HV |Mag Sigj HFW Det| HV |Mag|Sig| HFW —500 pm—

Etd|[25.0 kV| 26x |SE|10.00 mm Etd|265.0 kV|100x|SE [2.56 mm| [

HV |Mag|sig| HFW ——100 ym— i
Etd|25.0 kV[500x|SE [0.51 mm
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Fig. 7 The asymmetrical structure
in the semi-spherical as shown in
Fig. 7a-b in two separate failed
PEEK components. As a result

of material displacement due to
cyclic loading damage. A third
one PEEK shows the same phe-
nomenon with more irregularity
as shown in Fig. 7c. This unlikely
condition was not detected in the
reference PEEK lock as displayed
in Fig. 7d. Beside this undesired
shape, the transition between

the two zones, the shiny and the
brilliant ones is accompanied by
a small step which can be sensed
by passing a finger, a situation
which was not found in the refer-
ence lock

version  contains

online
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Supplementary Information The

Author contribution Omri Merose and Shai Factor are equally con-
tributing as first author. All authors that have contributed to this manu-
script have agreed on the final revised version of this manuscript. Data
are avail?able at reasonable request from the corresponding author.

Funding No funding was received for this project.
Open access funding provided by Tel Aviv University.

Declarations

Ethical approval This study was conducted following IRB approval
0268 —-21 TLV.

Conflict of interest Each author certifies that there are no funding or
commercial associations (consultancies, stock ownership, equity inter-
est, patent/licensing arrangements, etc.) that might pose a conflict of
interest in connection with the submitted article related to the author or
any immediate family members.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Sevelda F, Waldstein W, Panotopoulos J et al (2017) Survival,
failure modes and function of combined distal femur and proxi-
mal tibia reconstruction following tumor resection. Eur J Surg
Oncol 43. https://doi.org/10.1016/j.€js0.2016.11.005

2. Natarajan MV, Sivaseelam A, Ayyappan S et al (2005) Dis-
tal femoral tumours treated by resection and custom mega-
prosthetic replacement. Int Orthop 29. https://doi.org/10.1007/
$00264-005-0677-z

3. Gosheger G, Gebert C, Ahrens H et al (2006) Endoprosthetic
reconstruction in 250 patients with sarcoma. Clin Orthop Relat
Res 450. https://doi.org/10.1097/01.b10.0000223978.36831.39

4. Schwartz AJ, Kabo JM, Eilber FC et al (2010) Cemented dis-
tal femoral endoprostheses for musculoskeletal tumor: improved
survival of modular versus custom implants. Clin Orthop Relat
Res. https://doi.org/10.1007/s11999-009-1197-8

5. Pala E, Trovarelli G, Calabro T et al (2015) Survival of modern
knee Tumor megaprostheses: failures, functional results, and a
comparative statistical analysis. https://doi.org/10.1007/s11999-
014-3699-2. Clin Orthop Relat Res

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ejso.2016.11.005
https://doi.org/10.1007/s00264-005-0677-z
https://doi.org/10.1007/s00264-005-0677-z
https://doi.org/10.1097/01.blo.0000223978.36831.39
https://doi.org/10.1007/s11999-009-1197-8
https://doi.org/10.1007/s11999-014-3699-2
https://doi.org/10.1007/s11999-014-3699-2
https://doi.org/10.1007/s00402-024-05306-5
https://doi.org/10.1007/s00402-024-05306-5

2076

Archives of Orthopaedic and Trauma Surgery (2024) 144:2067-2076

10.

11.

12.

13.

14.

15.

Schroeder S, Braun S, Mueller U et al (2020) Carbon-fibre-
reinforced PEEK: an alternative material for flexion bushings of
rotating hinged knee joints? J Mech Behav Biomed Mater 101.
https://doi.org/10.1016/j.jmbbm.2019.103434

Ruggieri P, Mavrogenis AF, Pala E et al (2012) Long term results
of fixed-hinge megaprostheses in limb salvage for malignancy.
https://doi.org/10.1016/j.knee.2011.08.003. Knee 19:

Henderson ER, O’Connor MI, Ruggieri P et al (2014) Clas-
sification of failure of limb salvage after reconstructive
surgery for bone tumours: a modified system including bio-
logical and expandable reconstructions. Bone Jt J. https://doi.
org/10.1302/0301-620X.96B11.34747

Pala E, Trovarelli G, Angelini A et al (2017) Megaprosthesis of
the knee in tumor and revision surgery. Acta Biomed 88. https://
doi.org/10.23750/abm.v88i2-S.6523

Kurtz SM, Devine JN (2007) PEEK biomaterials in trauma,
orthopedic, and spinal implants. Biomaterials

Lee WT, Koak JY, Lim YJ et al (2012) Stress shielding and fatigue
limits of poly-ether-ether-ketone dental implants. J Biomed Mater
Res - Part B Appl Biomater. https://doi.org/10.1002/jbm.b.32669
Sahoo PK (2013) Polyetheretherketone (PEEK) cages for cervical
interbody replacement. Apollo Med 10. https://doi.org/10.1016/j.
apme.2013.08.009

Steinberg EL, Rath E, Shlaifer A et al (2013) Carbon fiber rein-
forced PEEK Optima-A composite material biomechanical prop-
erties and wear/debris characteristics of CF-PEEK composites
for orthopedic trauma implants. J Mech Behav Biomed Mater 17.
https://doi.org/10.1016/j.jmbbm.2012.09.013

Feerick EM, Kennedy J, Mullett H et al (2013) Investigation
of metallic and carbon fibre PEEK fracture fixation devices for
three-part proximal humeral fractures. Med Eng Phys 35. https://
doi.org/10.1016/j.medengphy.2012.07.016

de Jong JJA, Lataster A, van Rietbergen B et al (2017) Distal
radius plate of CFR-PEEK has minimal effect compared to tita-
nium plates on bone parameters in high-resolution peripheral

@ Springer

16.

19.

20.

21.

22.

quantitative computed tomography: a pilot study. BMC Med
Imaging. https://doi.org/10.1186/s12880-017-0190-z

Guzzini M, Lanzetti RM, Lupariello D et al (2017) Comparison
between carbon-peek plate and conventional stainless steal plate
in ankle fractures. A prospective study of two years follow up.
Injury. https://doi.org/10.1016/j.injury.2017.03.035

Rotini R, Cavaciocchi M, Fabbri D et al (2015) Proximal humeral
fracture fixation: multicenter study with carbon fiber peek plate.
Musculoskelet Surg. https://doi.org/10.1007/s12306-015-0371-2
Brockett CL, Carbone S, Abdelgaied A et al (2016) Influence
of contact pressure, cross-shear and counterface material on
the wear of PEEK and CFR-PEEK for orthopaedic applica-
tions. J Mech Behav Biomed Mater. https://doi.org/10.1016/j.
jmbbm.2016.06.005

Chamberlain KA, Rankin KS, Briscoe A et al (2019) Wear prop-
erties of poly-ether-ether-ketone bearing combinations under zero
and cross shear kinematics in total knee arthroplasty. J Biomed
Mater Res - Part B Appl Biomater. https://doi.org/10.1002/
jbm.b.34136

Camarini ET, Tomeh JK, Dias RR, Da Silva EJ (2011) Recon-
struction of frontal bone using specific implant polyether-
ether- ketone. J Craniofac Surg. https://doi.org/10.1097/
SCS.0b013e3182326f2¢

Abdullah MR, Goharian A, Abdul Kadir MR, Wahit MU (2015)
Biomechanical and bioactivity concepts of polyetheretherketone
composites for use in orthopedic implants - A review. J. Biomed.
Mater. Res. - Part A

Cowie RM, Briscoe A, Fisher J, Jennings LM (2016) PEEK-
OPTIMA™ as an alternative to cobalt chrome in the femo-
ral component of total knee replacement: a preliminary
study. Proc Inst Mech Eng Part H J Eng Med 230. https://doi.
org/10.1177/0954411916667410

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1186/s12880-017-0190-z
https://doi.org/10.1016/j.injury.2017.03.035
https://doi.org/10.1007/s12306-015-0371-2
https://doi.org/10.1016/j.jmbbm.2016.06.005
https://doi.org/10.1016/j.jmbbm.2016.06.005
https://doi.org/10.1002/jbm.b.34136
https://doi.org/10.1002/jbm.b.34136
https://doi.org/10.1097/SCS.0b013e3182326f2c
https://doi.org/10.1097/SCS.0b013e3182326f2c
https://doi.org/10.1177/0954411916667410
https://doi.org/10.1177/0954411916667410
https://doi.org/10.1016/j.jmbbm.2019.103434
https://doi.org/10.1016/j.knee.2011.08.003
https://doi.org/10.1302/0301-620X.96B11.34747
https://doi.org/10.1302/0301-620X.96B11.34747
https://doi.org/10.23750/abm.v88i2-S.6523
https://doi.org/10.23750/abm.v88i2-S.6523
https://doi.org/10.1002/jbm.b.32669
https://doi.org/10.1016/j.apme.2013.08.009
https://doi.org/10.1016/j.apme.2013.08.009
https://doi.org/10.1016/j.jmbbm.2012.09.013
https://doi.org/10.1016/j.medengphy.2012.07.016
https://doi.org/10.1016/j.medengphy.2012.07.016

	﻿Mechanical failure of distal femur mega prosthesis due to polyaryl-ether-ether-ketone (PEEK) hinge component
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Biomechanical failure analysis
	﻿Statistical methods and analysis

	﻿Results
	﻿Biomechanical analysis results
	﻿Discussion
	﻿Conclusions
	﻿References


