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Abstract

Purpose: Avulsion fractures of the posterior cruciate ligament (PCL) are
commonly treated with refixation. Headless compression screws (HCS)
offer benefits, compared to conventional techniques, such as reduced
material irritation and option of bioabsorbable materials, possibly avoiding
implant removal. Proofing its clinical applicability, the authors hypothesized
that (1) biomechanical properties of HCS would be comparable to con-
ventional techniques and (2) magnesium-based HCS would provide com-
parable properties to titanium HCS.

Study Design: Controlled laboratory study.

Methods: Forty fresh frozen porcine knees were dissected keeping the
menisci and ligaments intact. A solid avulsion fracture of the tibial PCL
(20 mm [length] x 20 mm [width] x 10 mm [depth]) was created with a chisel.
Specimens were randomized into four groups: (1) the native PCL, the tibial
PCL avulsion refixed with parallel arranged, (2) two 3.5 mm cortical screws
with washer (Ti-CS), (3) two titanium headless compression screws
(Ti-HCS) or (4) two magnesium based headless compression screws (Mg-
HCS). Femur and tibia were mounted in a universal uniaxial testing machine
(Zwick) simulating a posterior drawer testing, by performing axial load
on the femur while the tibia was fixed in 90° flexion. After preconditioning,
500 cycles (200 mm/min) were performed with 10—100 N, followed by load-
to-failure (LTF). Key parameters measured included stiffness, yield load,
LTF and cyclic displacement. Differences were analyzed using an analysis
of variance with a significance level of p<0.05. The macroscopic failure
mode was documented.

Results: LTF of the intact PCL (1982.0 £285.4 N; p<0.001) significantly
exceeded that of all refixations. Whereas LTF of Ti-CS (1034.8 £ 236.1 N)
significantly (p<0.01) exceeded those of HCS, no significance was seen
between titanium (Ti-HCS: 693.9+220.5N) or magnesium (Mg-HCS:
686.7£174.6 N) based HCS. No significant differences were found
among the refixation methods regarding cyclic displacement or yield load.

Abbreviations: C, Celsius; Fig., figure; HCS, headless compression screws; LTF, load-to-failure; MG-HCS, magnesium-based headless compression screws; min,
minute; mm, millimetre; N, newton; PCL, posterior cruciate ligament; Tab., table; Ti-CS, titanium cortical screws; Ti-HCS, titanium headless compression screws.
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Stiffness for the Ti-CS (144.0 £ 15.4 N/mm), Ti-HCS (150.0 £ 22.9 N/mm)
and Mg-HCS (170.0 £20.9 N/mm) was lower than that of the intact PCL
(190.9 £ 8.6 N/mm). Failure modes varied, with the Ti-CS group showing
PCL tears and the HCS groups always experiencing fragment luxation.
Conclusion: In our biomechanical model, all fixation techniques demon-
strated inferior biomechanical properties compared to the native PCL. Both
HCS exhibited similar displacement, stiffness, and yield load values but
showed a significantly lower LTF with fragment dislocation compared to
conventional screws. Whether this difference is clinically relevant cannot be
determined with this model as the porcine model only allows limited transfer
into the clinical setting but might limit rehabilitation in the application of HCS
in cases of solid avulsion fractures. Further clinical and in vivo studies
should be followed to further differentiate the optimized fragment refixation
technique.

Level of Evidence: There is no level of evidence as this study was an
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INTRODUCTION

The posterior cruciate ligament (PCL) serves as the
primary stabilizer against posterior tibial translation
[22-24]. PCL injuries typically result from posterior
directed forces, most associated with motor vehicle or
sports-related accidents. While most PCL injuries are
intrasubstance tears, avulsion fractures are relatively
rare [15, 21]. Among these, tibial avulsions are more
common than femoral avulsions [15, 21]. Surgical re-
fixation is often necessary for PCL avulsion fractures to
prevent complications [29, 33, 42]. Both open and
arthroscopic techniques yield satisfactory results with
low complication rates [17, 29] and surgical intervention
generally leads to successful fracture healing and
restoration of posterior tibial translation [15, 37].

The management of PCL avulsion fractures has
evolved significantly over the years, leading to the
development of various surgical techniques for refixa-
tion. These techniques range from open reduction and
internal fixation using hooked plates or screws, to ar-
throscopically assisted procedures and suture bridge
constructs, depending on the size and number of
fragments involved [5, 6, 13, 16, 25, 44, 45, 47]. Recent
biomechanical studies have analyzed various refixation
techniques, including conventional screw osteosynth-
esis, suture bridge refixation, and arthroscopic suture
button and pull-out techniques [9, 12, 14, 27], seeking
improved primary stability for accelerated rehabilita-
tion. Although headless compression screws (HCS),
may offer advantages in ligament repair such as less
implant irritation, their biomechanical properties
remain unknown. Furthermore, being available

experimental laboratory study.

avulsion fracture, headless compression screw, magnesium implant, posterior cruciate
ligament, posterior drawer

bioabsorbable (magnesium-based), HCS might avoid
the need for implant removal, providing benefits in
revision surgeries.

Therefore, the aim of the present study was to
compare the biomechanical properties (load-to-failure
[LTF], displacement, yield load, stiffness and failure
mode) of non- and bioabsorbable HCS screws with
conventional screw osteosynthesis and to identify
potential risk factors for clinical failure. We hypothe-
sized that (1) the biomechanical properties of HCS
would be comparable to those of conventional fixation
methods. Additionally, we hypothesized that (2) bioab-
sorbable magnesium-based HCS would provide com-
parable primary stability to titanium HCS.

METHODS

Due to the use of cadaveric porcine specimens that
were obtained from a local butcher, ethical approval
was not required from the institutional review board of
the University of Muenster. The porcine model was
used as it is already well established in previous
studies [9, 12, 14, 27] and provides comparability
between results. Magnesium-based HCS were pro-
vided by Medical Magnesium GmbH (Aachen,
Germany). All other implants and materials were
commercially purchased. Forty (n=40) porcine
cadaveric knee specimens were obtained from a local
butcher and included in the study. Exclusion criteria
encompassed any prior ligament or meniscus injuries,
and ligamentous integrity was confirmed before testing.
All 40 knees could be included in the final analysis. The



specimens were stored at -20°C for a maximum of
4 weeks before testing and thawed at room temperature
for 24 h prior to preparation and testing, which is con-
sistent with most human cadaveric studies. The testing
began when the specimens reached room temperature.
To prevent tissue hysteresis, the knees were flexed
10 times before testing [30]. During dissection, the
capsule, anterior extensor apparatus, and all associated
muscles were removed, while the menisci, collateral
ligaments and cruciate ligaments remained intact, which
was adopted from previous studies [12—-14, 45]. The
tibia and femur were fixed in a steel pot using synthetic
resin. Throughout testing, the specimens were kept
moist with water to prevent dehydration. Adopted from
our clinical practice, refixation was performed with two
screws each.

Study groups

The knees were manually randomized into four groups
(each n=10):

1. Native: native/intact PCL.

2. Ti-CS: antegrade titanium cortical screw fixation (two
3.5mm x 30 mm fully threaded + washer, Synthes).

3. Ti-HCS: antegrade titanium headless compression
screw fixation (two 3.5 mm x 30 mm partially threa-
ded CCHS, Synthes).

4. Mg-HCS: antegrade magnesium-based headless
compression screw fixation (two 3.5mm x 30 mm
partially threaded mm.CS, Medical Magnesium).

The native specimen of the native group was tested
with a complete and intact PCL, whereas a bony
avulsion was performed for reconstruction. According
to previous studies [9, 12, 27], a solid tibial fragment
(20 mm [length] x 20 mm [width] x 10 mm [depth]) of
the tibial insertion of the PCL was performed using a
chisel. To simulate the fixation of Groups (2)-(4),
reduction of the fragment in its fracture site was per-
formed according to the manufacturer's information.
Two parallel screws were used for refixation in each
group according to our clinical practice and to provide
more primary stability compared to single screw re-
fixation. For the Ti-CS group, two monocortical parallel
2.5mm drill holes were created horizontally in the
cranio-caudal midline of the fragment, directed toward
the tibial tuberosity according to previous studies [9, 12,
27]. Then the lag screw technique was performed with
a 3.5mm drill, allowing to fix the fragment with com-
pression using two fully threaded screws (3.5mm
x 30 mm) with washers (Figures 1 and 2). In the Ti-HCS
group, two monocortical parallel 1.4 mm guide wires
were placed horizontally in the cranio-caudal midline of
the fragment, also aimed at the tibial tuberosity. These
guide wires were then over drilled with a 2.7 mm
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FIGURE 1 The used implants for refixation of the solid posterior
cruciate avulsion Fragment, where differences between screw
designs can be seen. (1) Titanium headless compression screw
(3.5mm x 30 mm, partially threaded CCHS, Synthes). (2)
Magnesium-based headless compression screw (3.5 mm x 30 mm,
partially threaded mm.CS, Medical Magnesium). (3) Titanium
cortical screw fixation (3.5 mm x 30 mm fully threaded + titanium
washer, Synthes).

cannulated drill to create monocortical holes. Using the
guide wires, two titanium cannulated HCS (3.5mm
x 30 mm) (Figures 1 and 2) were inserted to achieve
compression. For the Mg-HCS group, two monocortical
parallel 1.1 mm guide wires were similarly positioned
horizontally in the cranio-caudal midline of the frag-
ment, directed at the tibial tuberosity. These were over
drilled with a 2.7 mm cannulated drill to create mono-
cortical holes. Using the guide wires, two magnesium-
based cannulated HCS (3.5 mm x 30 mm) (Figures 1
and 2) were inserted to apply compression. The
magnesium-based screws are CE certified and manu-
factured from WE43MEO magnesium alloy and surface
modified with plasma electrolytic oxidization (PEO). In
Figure 2 the refixed defined tibial avulsion fragment of
the PCL is shown, and differences between fixations
can be seen.

Biomechanical test setup

Biomechanical testing was performed according to
previous porcine models investigating refixation of
tibial avulsion fractures of the PCL [9, 12, 14]. The
femoral and tibial fixed specimens were placed in a
universal uniaxial material testing system (Zwick/
Roell) (Figure 3) that was utilized to determine the
biomechanical primary stability. The knee was placed
in 90° flexion. The tibia was fixed horizontally, and the
femur was mounted vertically. The force was applied
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FIGURE 2 The specimens with refixed tibial avulsion fractures of the posterior cruciate ligament (PCL); (a) refixation of the avulsion
fragment (1) was performed with two titanium fully threaded cortical screws with washer. It shows that the washer and the screw head lay above
the PCL footprint. The PCL (2) itself was kept intact. The medial meniscus (3) and lateral meniscus (4) with meniscofemoral ligament were kept
intact; (b) refixation of the avulsion fragment (5) was performed with two headless compression screws placed intracortical beneath the
ligamentous tibial insertion. It shows that the screw head lays underneath the PCL footprint. The PCL (2) itself was kept intact.

FIGURE 3 The testing setup with a left porcine knee specimen
(1) mounted in the universal testing machine. The femur of the
specimen is mounted in the steel pot (2) that is fixed to the custom-
made rig (4) of the universal testing machine. The tibia of the
specimen is mounted in the tibial steel pot (3), which is mounted
horizontally so that axial load (loading direction (5)) was performed
on the femur in 90° flexion of the porcine knee joint simulating a
posterior drawer test while the tibia is fixed.

as an axial load on the femur creating a posterior
drawer force. Preconditioning with 10 cycles with a
load between 5 and 20 N was performed to minimize
the viscoelastic effect. Then, cyclic loading with 500

cycles between 10 and 100 N with 200 mm/min was
performed with subsequent LTF. For LTF, the con-
struct was continuously loaded at a speed of
200 mm/min until failure of the construct occurred.
Displacement (mm) after 100/200/300/400/500 cycles
was analyzed, and LTF (N), stiffness (N/mm) and yield
load (N) were calculated. Stiffness was calculated
from the slope of the linear portion of the load—
displacement curve during LTF. Yield load describes
the strength leading to a plastic deformity. The mac-
roscopic failure mode after the completed LTF was
documented.

Statistical analysis

Descriptive statistics, including mean and standard
deviation, were calculated. Stiffness and yield load
were calculated with a custom-made Matlab (Version
R2020a, MathWorks) script. The statistical analysis
was performed using GraphPad Prism 10 (version
10.0.0). A one-way analysis of variance (two-way for
comparison of cyclic displacement) was used for
statistical analysis with Tukey's multiple compari-
sons test for post hoc correction. A p value less than
0.05 was deemed to identify significant differences.
An a priori power analysis was performed using
G*Power-2 software (University Disseldorf) [11]. A
two-tailed t test with means (difference between two
independent means, two groups) was selected in
G*Power-2 for power analysis. Based on the means
and standard deviations from a prior study [9], it was
assumed that a sample size of 10 would allow for the
identification of changes in LTF of 110N, with a
standard deviation of 80N (effect size/Cohens'
d=1.4), with 80% power. Significance was set to a
level of p<0.05.



RESULTS

Displacement during cyclic loading

During cyclic loading (Figure 4 and Table 1), all refixation
techniques showed a continuous increase in displace-

ment, whereas no significant differences between
groups and cycles were shown.

LTF

During LTF (Figure 5), all refixation techniques showed
a significantly decreased LTF compared to the native
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state (1982.0 £285.4 N). Significant differences were
seen between Ti-CS (1034.8 £236.1 N) and Ti-HCS
(693.9+£220.5N), and between Ti-CS and Mg-HCS
(686.7 £ 174.6 N). No significant differences were seen
between both HCS techniques.

Stiffness

Concerning the stiffness (Figure 6) of the different
techniques, all refixation techniques showed a
decreased stiffness compared to the native state
(190.9 £ 8.6 N/mm). No significant differences were
seen between all refixation techniques with Ti-CS

Displacement during cyclic loading

6=
E 47
E
il
8
k..
Q.
a 24
0= T T T
100 cycles 200 cycles 300 cycles

Il Native

I Titan-CS

@ Titan-CCHS
B Mg2+-CCHS

I 1
400 cycles 500 cycles

FIGURE 4 Displacement (mm) during cyclic loading after 100/200/300/400/500 cycles. No significant differences were shown between
groups and cycles. Mg-HCS, magnesium-based headless compression screw; Ti-CS, titanium cortical screw; Ti-HCS, titanium headless

compression screw.

TABLE 1 The displacement (mm) is presented as mean + SD during cyclic loading after 100/200/300/400/500 cycles.

Cyclic displacement

Cycles 100 200
Native 3.3+1.1 3.6+1.1
(n.a.) (9.1%)
Ti-CS 35+1.1 3.8+1.1
(n.a.) (8.6%)
Ti-HCS 2.9+0.6 3.2+0.7
(n.a.) (10.3%)
Mg-HCS 3.3+0.8 3.7+£0.8
(n.a.) (12.1%)

300 400 500 p
3.71.1 3.8+1.1 3.911.1 n.s.
(12.1%) (15.2%) (18.2%)

4012 4112 42412 n.s.
(14.3%) (17.1%) (20.0%)

35:0.8 371038 3.810.9 n.s.
(20.7%) (27.6%) (31.0%)

3.9+09 4.0+0.9 41£0.9 n.s.
(18.2%) (21.2%) (24.2%)

Note: Please see in brackets the percentage change to the loading after 100 cycles. No significance (n.s.) was observed between techniques and cycles. A one-way
ANOVA was performed to statistically analyze cyclic displacement in terms of groups and cycles.

Abbreviations: ANOVA, analysis of variance; Mg-HCS, magnesium-based headless compression screw; n.a., not applicable; Ti-CS, titanium cortical screw; Ti-HCS,

titanium headless compression screw.
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Load to Failure
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FIGURE 5 Load-to-failure in N. Mg-HCS, magnesium-based headless compression screw; Ti-CS, titanium cortical screw; Ti-HCS, titanium
headless compression screw. Only significant differences are shown. *p<0.05; **p<0.01; ***p<0.001.

(144.0£15.4N/mm), Ti-HCS (150.0+22.9 N/mm)
and Mg-HCS (170.0 £20.9 N/mm).

Yield load

Concerning the vyield load (Figure 7) of the different
techniques, all refixation techniques showed a decreased
yield load compared to the native state (941.3 £417.5N).
No significant differences were seen between all refixa-
tion techniques with Ti-CS (524.6 £251.1N), Ti-HCS
(367.7 £ 162.1 N) and Mg-HCS (500.4 £ 193.1 N).

Failure mode

Analyzing the failure mode (Table 2), we observed that
in HCS groups, the failure mode was always an avul-
sion of the refixed fragment over the proximal partially
threaded screw head, in all magnesium-based and
titanium HCS refixed specimens. In the native and Ti-
CS group we observed more heterogenous failure

modes. In the native PCL group, we observed in-
trasubstance PCL tears in two specimens and eight
avulsion fractures of the tibial ligamentous PCL inser-
tion. In the Ti-CS group, we observed nine PCL rup-
tures directly at the screw insertion site and 1 screw
dislocation from its tibial screw insertion site.

DISCUSSION

The most important finding of this study is, contrary to
our hypothesis, that conventional screw osteosynthesis
provided superior LTF values compared to HCS. How-
ever, all refixation methods demonstrated comparable
biomechanical properties concerning stiffness, yield load
and cyclic displacement. Whether these lower LTF val-
ues for HCS make a clinical difference cannot be an-
swered with this study. Additionally, consistent with our
hypothesis, our study shows that magnesium-based
HCS exhibit biomechanical primary stability comparable
to that of contemporary titanium HCS. Furthermore,
none of the repair techniques tested restored the
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Stiffness
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FIGURE 6 Stiffness in N/'mm. Mg-HCS, magnesium-based headless compression screw; Ti-CS, titanium cortical screw; Ti-HCS, titanium
headless compression screw. Only significant differences are shown. *p<0.05; **p<0.01; ***p<0.001.

structural properties of the intact PCL insertion in terms
of LTF, displacement, yield load and stiffness. Impor-
tantly, no failures occurred during cyclic loading across
any of the methods tested. In LTF testing for both tita-
nium and magnesium-based HCS groups, failure con-
sistently manifested as fragment dislocation over the
partially threaded screw head, rather than displacement
or breakage of the HCS itself.

Previous studies have investigated the biomechanical
properties of various refixation techniques for PCL avul-
sion fractures [9, 12, 14, 27]. However, the biomechanical
properties of HCS for refixation of PCL avulsion fractures
remain largely unexplored. In contrast to our findings, two
previous studies [9, 12] with conventional screws showed
much lower LTF values (681.5-817.5 N) compared to the
present study. The reason for this may be that in these
studies, only one screw (with and without) washer was
used. Therefore, our findings indicate that using two
cortical screws, might further enhance primary stability,

which is the current practice in our clinic. Additionally,
comparing these studies [9, 12] and our results, we can
see that the application of a washer might enhance bio-
mechanical properties. In previous studies, suture/sus-
pension button refixation reached 286.8 N [14] to 842.0 N
[27], whereas in our results, the HCS refixation reached
686.7-693.9 N. The Ti-CS group achieved a stiffness of
144.0 N/mm, surpassing the stiffness of a single screw
(63.3 N/mm [12] to 65.6 N/mm [9]) and suture/suspension
button refixation (40.8-71.2N/mm) [9, 12, 14, 27] re-
ported in earlier studies. Interestingly, this is exceeded by
our results of HCS refixation with 150.0-170.0 N/mm.
Concerning cyclic displacement, after 500 cycles tested,
we observed no significant differences compared to the
native state or among the refixation techniques, with
displacements ranging from 3.9+1.1 mm (native) to a
maximum of 4.2+ 1.2 mm (Ti-CS). However, it is impor-
tant to mention that previous studies indicated signifi-
cantly less displacement with suspension button
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Yield Load
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FIGURE 7 Yield load in N. Mg-HCS, magnesium-based headless compression screw; Ti-CS, titanium cortical screw; Ti-HCS, titanium
headless compression screw. Only significant differences are shown. **p<0.01; ***p<0.001.

TABLE 2 Failure mode and incidence of each failure mode in each group.

Group n Failure mode
Native 10
Ti-CS 10
Ti-HCS 10
Mg-HCS 10

2x PCL intrasubstance tear (20%), 8% avulsion fracture of the tibial insertion due to open physis (80%)
9x PCL Rupture at screw insertion site (90%), 1x screw dislocation from tibial screw insertion (10%)
10x Avulsion of fragment over the screw head (100%)

10x% Avulsion of fragment over the screw head (100%)

Note: 100% referring to n=10 regarding each group.

Abbreviations: Mg-HCS, magnesium-based headless compression screw; PCL, posterior cruciate ligament; Ti-CS, titanium cortical screw; Ti-HCS, titanium

headless compression screw.

constructs compared to screw fixation [9]. Concerning
displacement, a recent clinical study showed that good
and inadequately reduced PCL avulsion fractures led to
comparable results concerning clinical results and
patient-reported outcomes measurements [48]. Never-
theless, even if the observed cyclic displacement is
not significant, adopted and slow rehabilitation seem

mandatory, especially as fragment luxation was observed
in the HCS groups. Observing the failure modes, our
study showed fragment luxation over the head of the
HCS in HCS refixation. In contrast, different application
angles of the HCS were not tested, which might modify
fixation strength. We assume that in cortical screw re-
fixation with a washer, the washer serves as a buttress



providing compression and therefore avoiding fragment
dislocation.

The clinical relevance of this study lies in testing the
biomechanical feasibility of using HCS, particularly
bioabsorbable HCS, for the refixation of PCL avulsion
fractures. The peak strain on the PCL during daily activity
and rehabilitation is reported to be very inhomogeneous
with different approaches [10, 18]. This includes ground
walking with up to 0-160 N [18, 38, 40, 46] or 0.2—1 times
body weight [3, 18, 19, 39], respectively. Furthermore,
seated active extension reaches up to 74 N [43], active
flexion can reach up to 3330 N [43] and common reha-
bilitation exercises like leg presses or squats/lunges up to
2700 [10, 43] PCL tensile forces. However, PCL tensile
forces during extension and walking were exceeded by all
our tested refixation techniques; no technique reached
the PCL tensile forces applicable during progressive
rehabilitation. Therefore, refixation of displaced PCL
avulsion fractures should include partial weight bearing
and controlled rehabilitation. Our findings suggest that
displaced PCL avulsion fractures may also be effectively
treated with HCS, but conventional screw osteosynthesis
with two screws remains superior over HCS and com-
parable suture-based refixation techniques. This could
impact patient outcomes when using HCS, as progres-
sive rehabilitation should be more restricted due to their
lower LTF compared to refixation with cortical screws.
Therefore, HCS might not be suitable if progressive
rehabilitation is aimed or if patients present with an
increased body weight, which could increase loading on
the refixation. Additionally, due to the risk of fragment
dislocation around the head of the HCS, multi-fragment
avulsion fractures may not be suitable for HCS refixa-
tion. Furthermore, bioabsorbable magnesium-based
HCS also exhibit biomechanical performance similar to
that of titanium HCS. However, clinical studies assess-
ing HCS refixation for PCL avulsion fractures are still
missing. Due to their headless design, both Ti-HCS and
Mg-HCS may cause less material irritation in cases
where open refixation of solid PCL avulsion fractures is
performed. Additionally, the bioabsorbable nature of
Mg-HCS can eliminate the need for implant removal,
which could be advantageous in scenarios where sec-
ondary PCL reconstruction is required due to recurrent
instability. Considering our results, refixation using Ti-
HCS and Mg-HCS appears safe for the treatment of
PCL avulsion fractures, particularly when weight-bearing
restrictions are implemented during the fracture healing
process. Furthermore, it should be considered that the
traditional technique with cortical screws may be more
cost-effective, as HCS implants are more expensive, as
well as suture-button or suture-bridge constructs. How-
ever, this cost difference might be negligible, since
magnesium-based HCS implants do not need to be re-
moved. However, PCL avulsion fractures are relatively
rare [15, 21], and therefore our findings are only relevant
to a small and specific subset of patients.
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This study had several limitations that must be
considered before the application of our results into
clinical practice, which are inherent to in-vitro bio-
mechanical studies. Previous studies have shown the
suitability of the porcine knee for use in biomechanical
investigations [35], but bone density in the porcine
model is higher in comparison with the human knee
joint [1]. Additionally, porcine anatomy and the slope of
the porcine knee are different compared to human knee
specimens, which might alter the posterior tibial trans-
lation in the applied biomechanical test setup. Fur-
thermore, biomechanical testing was a simulation of
forces acting at time zero, and biological factors and
fracture healing of the PCL avulsion fracture, as well as
degradation of the Mg-HCS, was not considered, which
might have influenced especially the relevance of the
tested cyclic displacement. Additionally, due to possible
degradation and osteolysis of magnesium-based im-
plants, long-term outcomes cannot be predicted.
Therefore, possible influences of the different materials
on bone healing cannot be excluded, as in vivo testing
might alter the results. Nevertheless, the porcine model
has already been evaluated and proven in previous
biomechanical studies investigating refixation tech-
niques of PCL avulsion fractures [9, 12, 14, 27]. Due to
the testing protocol, preparation of the capsule and
extensor apparatus was necessary, which might alter
the kinematic of the native knee joint and increase the
forces acting on the reconstruction. In addition, differ-
ent angles of screw placement, which may affect pri-
mary stability, were not analyzed. Furthermore, differ-
ent screw designs might alter the primary stability as
well. Despite advancements in new-generation
magnesium-based implants that control degradation
and reduce gas production during oxidation [2, 7, 20,
26, 28, 31, 36], surgeons should remain aware of
potential complications such as unpredictable degra-
dation and intraosseous osteolysis [28, 32, 34, 41]
which could lead to secondary complications. Never-
theless, radiolucent zones during the degradation of
magnesium-based implants are often a self-limiting
phenomenon [8]. Furthermore, the displacement was
measured indirectly via the crossbar of the universal
uniaxial material testing system rather than direct frag-
ment dislocation. This may have overestimated the
dislocation, as previously shown [4]. Potential modifica-
tions in this biomechanical model with directly monitored
fragment dislocation, human cadaveric studies, and
in vivo and clinical studies are possible future directions
for identifying the optimal refixation technique.

CONCLUSION

In our biomechanical model, all fixation techniques
demonstrated inferior biomechanical properties com-
pared to the native PCL. Both headless compression
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screws exhibited similar displacement, stiffness and
yield load values but showed a significantly lower LTF
with fragment dislocation compared to conventional
screws. Whether this difference is clinically relevant
cannot be determined with this model as the porcine
model only allows limited transfer into the clinical set-
ting but might limit rehabilitation in the application of
HCS in cases of solid avulsion fractures. Further clini-
cal and in vivo studies should follow to further differ-
entiate the optimized fragment refixation technique.

AUTHOR CONTRIBUTIONS

Conception and design, testing and data acquisition,
statistical analysis and writing: Thorben Briese and
Christoph Kittl. Internal review and statistical analysis:
Christian Peez and Alina Albert. Internal review, testing
and data acquisition: Arian GroRRe-Allermann. Internal
review: Elmar Herbst, Adrian Deichsel and Michael J.
Raschke.

ACKNOWLEDGEMENTS

The mm.CS magnesium-based HCS were provided by
Medical Magnesium GmbH (Aachen, Germany). Open
Access funding enabled and organized by Pro-
jekt DEAL.

CONFLICT OF INTEREST STATEMENT
Elmar Herbst is Deputy Editor-in-Chief for the Knee
Surgery, Sports Traumatology and Arthroscopy (KSSTA).
Adrian Deichsel is Web Editor for the Knee Surgery,
Sports Traumatology and Arthroscopy (KSSTA). The
remaining authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
Data are available from the corresponding author upon
reasonable request.

ETHICS STATEMENT

Ethical approval from the Institutional Review Board of
the University of Minster was not required for this
study, as porcine specimens were used.

ORCID
Thorben Briese
285X

http://orcid.org/0000-0002-3220-

REFERENCES

1. Aerssens J, Boonen S, Lowet G, Dequeker J. Interspecies dif-
ferences in bone composition, density, and quality: potential
implications for in vivo bone research. Endocrinology. 1998;
139:663-70.

2. Arrabal R, Matykina E, Viejo F, Skeldon P, Thompson GE.
Corrosion resistance of WE43 and AZ91D magnesium alloys
with phosphate PEO coatings. Corros Sci. 2008;50:1744-52.

3. Belbasis A, Fuss FK, Sidhu J. Estimation of cruciate ligament
forces via smart compression garments. Procedia Eng. 2015;
112:169-74.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Benca E, Zderic |, Caspar J, Knegsel K, Hirtler L, Gueorguiev B,
et al. On measuring implant fixation stability in ACL
reconstruction. Sensors. 2021;21:6632.

Chen W, Luo W, Chen Z, Jiang Y. Treatment of posterior cru-
ciate ligament avulsion fractures of the tibia using a toothed
plate and hollow lag screw. Singapore Med J. 2016;57:39—44.
Chernchujit B, Situmeang A. Arthroscopic fixation of posterior
cruciate ligament avulsion fracture with combined suture tape
and internal bracing by suture-bridge technique. Orthop
J Sports Med. 2023;11:2325967121S2325900877.

Barati Darband G, Aliofkhazraei M, Hamghalam P, Valizade N.
Plasma electrolytic oxidation of magnesium and its alloys:
mechanism, properties and applications. J Magnes Alloy.
2017;5:74-132.

Delsmann MM, Stirznickel J, Kertai M, Stiicker R, Rolvien T,
Rupprecht M. Radiolucent zones of biodegradable magnesium-
based screws in children and adolescents-a radiographic
analysis. Arch Orthop Trauma Surg. 2023;143:2297-305.
Domnick C, Késters C, Franke F, Raschke MJ, Petersen W,
Fink C, et al. Biomechanical properties of different fixation
techniques for posterior cruciate ligament avulsion fractures.
Arthroscopy. 2016;32:1065-71.

Escamilla RF, Macleod TD, Wilk KE, Paulos L, Andrews JR.
Cruciate ligament loading during common knee rehabilitation
exercises. Proc Inst Mech Eng Part H. 2012;226:670-80.

Faul F, Erdfelder E, Buchner A, Lang A-G. Statistical power
analyses using G*Power 3.1: tests for correlation and regres-
sion analyses. Behav Res Methods. 2009;41:1149-60.

Forkel P, Buchmann L, Lang JJ, Burgkart R, Imhoff AB, Mehl J,
et al. Suspension button constructs restore posterior knee laxity
in solid tibial avulsion of the posterior cruciate ligament. Knee
Surg Sports Traumatol Arthrosc. 2021;29:4163-71.

Forkel P, Imhoff AB, Achtnich A, Willinger L. Arthroskopische
refixation tibialer kndcherner avulsionsverletzungen des hinte-
ren kreuzbands mit faden-button-konstrukt. Oper Orthop
Traumatol. 2020;32:236—47.

Forkel P, Lacheta L, von Deimling C, Lang J, Buchmann L,
Imhoff AB, et al. Modified suture-bridge technique for tibial
avulsion fractures of the posterior cruciate ligament: a bio-
mechanical comparison. Arch Orthop Trauma Surg. 2020;140:
59-65.

Gopinatth V, Mameri ES, Casanova FJ, Khan ZA, Jackson GR,
McCormick JR, et al. Systematic review and meta-analysis of
clinical outcomes after management of posterior cruciate liga-
ment tibial avulsion fractures. Orthop J Sports Med.
2023;11:23259671231188383.

Hooper PO, Bevan PJ, Silko C, Farrow LD. A posterior
approach to open reduction and internal fixation of displaced
posterior cruciate ligament tibial osseous avulsions. JBJS
Essent Surg Tech. 2018;8:e6.

Hooper PO, Silko C, Malcolm TL, Farrow LD. Management of
posterior cruciate ligament tibial avulsion injuries: a systematic
review. Am J Sports Med. 2018;46:734—42.

Hosseini Nasab SH, List R, Oberhofer K, Fucentese SF,
Snedeker JG, Taylor WR. Loading patterns of the posterior
cruciate ligament in the healthy knee: a systematic review.
PLoS One. 2016;11:e0167106.

Hu CC, Lu TW, Chen SC. Influence of model complexity and
problem formulation on the forces in the knee calculated using
optimization methods. Biomed Eng Online. 2013;12:20.

Jung O, Porchetta D, Schroeder ML, Klein M, Wegner N,
Walther F, et al. In Vivo simulation of magnesium degradability
using a new fluid dynamic bench testing approach. Int J Mol Sci.
2019;20:4859.

Katsman A, Strauss EJ, Campbell KA, Alaia MJ. Posterior
cruciate ligament avulsion fractures. Curr Rev Musculoskelet
Med. 2018;11:503-9.


http://orcid.org/0000-0002-3220-285X
http://orcid.org/0000-0002-3220-285X
http://orcid.org/0000-0002-3220-285X
http://orcid.org/0000-0002-3220-285X
http://orcid.org/0000-0002-3220-285X

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kennedy NI, LaPrade RF, Goldsmith MT, Faucett SC,
Rasmussen MT, Coatney GA, et al. Posterior cruciate ligament
graft fixation angles, part 1: biomechanical evaluation for ana-
tomic single-bundle reconstruction. Am J Sports Med. 2014;42:
2338-45.

Kennedy NI, LaPrade RF, Goldsmith MT, Faucett SC,
Rasmussen MT, Coatney GA, et al. Posterior cruciate ligament
graft fixation angles, part 2: biomechanical evaluation for ana-
tomic double-bundle reconstruction. Am J Sports Med. 2014;42:
2346-55.

Kennedy NI, Wijdicks CA, Goldsmith MT, Michalski MP,
Devitt BM, Argen A, et al. Kinematic analysis of the posterior
cruciate ligament, part 1: the individual and collective function of
the anterolateral and posteromedial bundles. Am J Sports Med.
2013;41:2828-38.

Lee KW, Yang DS, Lee GS, Choy WS. Suture bridge fixation
technique for posterior cruciate ligament avulsion fracture. Clin
Orthop Surg. 2015;7:505-8.

Levorova J, Duskova J, Drahos M, Vrbova R, Vojtech D,
Kubasek J, et al. In vivo study on biodegradable magnesium
alloys: bone healing around WE43 screws. J Biomater Appl.
2018;32:886-95.

Li Y, Liu JC, Wu J, Peng X, Sun GJ, Li Z, et al. Biomechanical
study of posterior cruciate ligament tibial arrest avulsion fracture
fixation with triple tibial channel net sutures. Sci Rep.
2023;13:22980.

Luo Y, Zhang C, Wang J, Liu F, Chau KW, Qin L, et al. Clinical
translation and challenges of biodegradable magnesium-based
interference screws in ACL reconstruction. Bioact Mater.
2021;6:3231-43.

Madi SS, Pandey V, Reddy B, Acharya K. Clinical and radio-
logical outcomes following arthroscopic dual tibial tunnel double
sutures knot-bump fixation technique for acute displaced pos-
terior cruciate ligament avulsion fractures. Arch Bone Jt Surg.
2021;9:50-7.

Martin RB, Burr DB, Sharkey NA, Fyhrie DP. Skeletal tissue
mechanics. 190. New York, NY: Springer; 1998.

Marukawa E, Tamai M, Takahashi Y, Hatakeyama |, Sato M,
Higuchi Y, et al. Comparison of magnesium alloys and poly-L-
lactide screws as degradable implants in a canine fracture model.
J Biomed Mater Res Part B Appl Biomater. 2016;104:1282-9.
Meier R, Panzica M. Erste Ergebnisse mit einer resorbierbaren
MgYREZr-Kompressionsschraube bei der instabilen Kahn-
beinfraktur zeigen eine massive Zystenbildung. Handchir
Mikrochir Plast Chir. 2017;49:37—41.

Montgomery SR, Johnson JS, McAllister DR, Petrigliano FA.
Surgical management of PCL injuries: indications, techniques,
and outcomes. Curr Rev Musculoskelet Med. 2013;6:115-23.
Plaass C, Ettinger S, Sonnow L, Koenneker S, Noll Y,
Weizbauer A, et al. Early results using a biodegradable mag-
nesium screw for modified chevron osteotomies. J Orthop Res.
2016;34:2207-14.

Proffen BL, McElfresh M, Fleming BC, Murray MM. A compar-
ative anatomical study of the human knee and six animal spe-
cies. Knee. 2012;19:493-9.

Rendenbach C, Fischer H, Kopp A, Schmidt-Bleek K, Kreiker H,
Stumpp S, et al. Improved in vivo osseointegration and degra-

. . 11 of 11
Journal of Experimental Orthopaedics—W [ LEY

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

dation behavior of PEO surface-modified WE43 magnesium
plates and screws after 6 and 12 months. Mater Sci Eng.
2021;129:112380.

Schmidt-Hebbel A, Reyes JT, O'Connel L, Valderrama J,
Tuca M, Carredano X, et al. Screw fixation of posterior cruciate
ligament tibial avulsion fractures: a clinical and radiographic
study. Rev Chil Ortop Traumatol. 2021;63:11-8.

Shelburne KB, Kim HJ, Sterett WI, Pandy MG. Effect of pos-
terior tibial slope on knee biomechanics during functional
activity. J Orthop Res. 2011;29:223-31.

Shelburne KB, Pandy MG, Anderson FC, Torry MR. Pattern of
anterior cruciate ligament force in normal walking. J Biomech.
2004;37:797-805.

Shelburne KB, Torry MR, Pandy MG. Muscle, ligament, and
joint-contact forces at the knee during walking. Med Sci Sports
Exerc. 2005;37:1948-56.

Thormann U, Alt V, Heimann L, Gasquere C, Heiss C,
Szalay G, et al. The biocompatibility of degradable magnesium
interference screws: an experimental study with sheep. BioMed
Res Int. 2015;2015:943603.

Torisu T. Isolated avulsion fracture of the tibial attachment of the
posterior cruciate ligament. J Bone Jt Surg. 1977;59:68—72.
Toutoungi DE, Lu TW, Leardini A, Catani F, O'Connor JJ.
Cruciate ligament forces in the human knee during rehabilitation
exercises. Clin Biomech. 2000;15:176-87.

Veselko M, Saciri V. Posterior approach for arthroscopic
reduction and antegrade fixation of avulsion fracture of the
posterior cruciate ligament from the tibia with cannulated screw
and washer. Arthroscopy. 2003;19:916-21.

Willinger L, Imhoff AB, Schmitt A, Forkel P. Refixation tibialer
kndcherner Avulsionsverletzungen des hinteren Kreuzbandes
in Fadenankertechnik. Oper Orthop Traumatol. 2019;31:3-11.
Yang NH, Canavan PK, Nayeb-Hashemi H, Najafi B, Vaziri A.
Protocol for constructing subject-specific biomechanical models
of knee joint. Comput Methods Biomech Biomed Eng. 2010;13:
589-603.

Yastrebov O, Lobenhoffer P. Refixation von tibialen knéchernen
Ausrissen des hinteren Kreuzbandes mit einer Krallenplatte.
Oper Orthop Traumatol. 2010;22:347-53.

Zhou Z, Wang S, Xiao J, Mao Y, Li L, Xu W, et al. The degree of
fracture reduction does not compromise the clinical efficacy of
arthroscopic reduction and fixation of tibial posterior cruciate
ligament avulsion fractures: a retrospective study. Medicine.
2023;102:€35356.

How to cite this article: Briese T, Peez C, Albert
A, GroRe-Allermann A, Herbst E, Deichsel A, et al.
Impact of screw design on refixation of solid
avulsion fractures of the posterior cruciate
ligament—A biomechanical feasibility study. J Exp
Orthop. 2025;12:70225.
https://doi.org/10.1002/je02.70225


https://doi.org/10.1002/jeo2.70225

	Impact of screw design on refixation of solid avulsion fractures of the posterior cruciate ligament—A biomechanical feasibility study
	INTRODUCTION
	METHODS
	Study groups
	Biomechanical test setup
	Statistical analysis

	RESULTS
	Displacement during cyclic loading
	LTF
	Stiffness
	Yield load
	Failure mode

	DISCUSSION
	CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	ORCID
	REFERENCES




