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Distal femur fractures, although relatively
uncommon, pose significant clinical challenges,
particularly when they involve unicondylar
patterns. Unicondylar variants are particularly
rare, comprising only ~0.65% of cases.!'¥y Medial
femoral condyle fractures (AO/OTA 33-B2.1), in
contrast to their more frequently encountered
lateral counterparts, are exceedingly rare and often
underrepresented in literature.! These injuries
frequently result from high-energy trauma or
low-energy mechanisms in osteoporotic bone,
necessitating precise anatomic reduction and stable
internal fixation to restore joint congruity and
enable early mobilization.® Despite advancements
in fixation strategies, no consensus exists regarding
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ABSTRACT

Objectives: This study aims to biomechanically compare four
fixation methods to identify the most stable construct under axial
loading conditions.

Material and methods: A standardized osteotomy model
simulating AO/OTA 33-B2.1 fractures was created in 28 synthetic
femurs. Four groups (n = 7 each) were tested: (1) three 6.5-mm
cannulated screws, (2) the same with an additional centrally
placed screw, (3) three screws plus a 3.5-mm buttress plate, and
(4) three screws combined with a reversed anatomical proximal
tibial locking plate. Constructs were subjected to cyclic and static
axial loading. The prespecified primary endpoint was load at
2-mm displacement, with stiffness and maximum load to failure
as secondary outcomes.

Results: Group 4 exhibited the highest stiffness
(802 + 70 N/mm), maximum load (2360 + 389 N), and
resistance to 2-mm displacement (1138 + 87 N). Group 2, with
a centrally placed fourth screw, showed significantly improved
performance in terms of maximum load compared to the
traditional three-screw construct. While Group 3 improved
stiffness over screw-only constructs, it did not significantly
outperform Group 2 in key load metrics. Group 2, with a
centrally placed fourth screw, demonstrated comparable stability
to the buttress plate and anatomical locking plate in selected
metrics, but remained inferior to the locking plate construct.

Conclusion: Central placement of cannulated screws to the medial
femoral condyle enhanced axial stability in this synthetic model
and represented a minimally invasive alternative to buttress plating
in selected metrics. The highest stability was achieved with the
combined use of cannulated screws and a locking plate. These
results are restricted to axial loading and the tested endpoints; thus,
further biomechanical, cadaveric, and clinical studies are warranted
before generalizing to early weight-bearing. Given the anatomical
challenges of the medial condyle, the development of anatomically
contoured locking plates specifically designed for this region
remains an important future direction.

Keywords: AO 33-B2.1, mechanical study, medial femoral condyle fracture,
synthetic bone, unicondylar distal femur fractures.
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the optimal implant configuration for medial
condylar involvement.l!

Achieving precise anatomic reduction
and stable internal fixation remains an
absolute requirement in the management of all
intra-articular fractures. With increasing life
expectancy and rising functional demands among
patients, the concept of stability has become
more critical than ever-particularly in light of
treatment failures encountered in various clinical
scenarios. Standard treatment methods have
included interfragmentary lag screw fixation, often
supplemented by buttress or locking plates.[56911
However, due to the lack of anatomically contoured
medial distal femoral plates in many trauma
centers, surgeons frequently adapt implants
originally intended for other regions, leading
to intraoperative challenges such as improper
fit, soft-tissue irritation, and suboptimal screw
trajectory, creating a gap in standardized
care.[*”] The biomechanical consequences of these
improvisations remain inadequately explored.

Moreover, although previous studies have
examined general distal femur fixation strategies,
there is a paucity of biomechanical investigations
focused specifically on AO/OTA 33-B2.1 fracture
patterns. In particular, the mechanical performance
of screw-only constructs versus constructs
supplemented by plates (standard or locking)
under physiologically relevant cyclic and axial
loading conditions remains unclear. To date, no
biomechanical study has focused specifically on
AO/OTA 33-B2.1 type medial condylar fractures.
The rationale for conducting a biomechanical study
on these fractures stems from their rarity, which has
limited the availability of large clinical case series
in the literature. As a result, clinical comparisons of
treatment outcomes are nearly impossible.

In the present study, we hypothesized that
the addition of a centrally positioned 6.5-mm
cannulated screw or a medially contoured locking
plate would significantly enhance axial stability
compared to traditional three-screw constructs or
screw-plate combinations. We, therefore, aimed
to determine the construct which offers optimal
fixation strength while maintaining surgical
feasibility and minimizing implant burden.

MATERIALS AND METHODS

This single-center, experimental study was conducted
at Ankara Bilkent City Hospital, Department of
Orthopedics and Traumatology. The study used a
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total of 28 right synthetic femurs (Synbone AG, model
2200, Malans, Switzerland) of the same size and
density (Figure 1). Ethics committee approval was
not required, as this study involved biomechanical
experiments conducted on synthetic bones.

The smooth geometry of the synthetic bone and
the similarity of the bone structure minimize the
variation between the specimens and provide a
better standardization." Cadaveric bone was not
preferred in this study due to anatomical variations,
differences in bone density, and the osteoporotic
nature of most specimens.”™ Titanium 6.5-mm
cannulated partial threaded screws (16-mm) were
provided by Zimed™ Medical Co. (Zimed Medical
Orthopedic Implant, Gaziantep, Tiirkiye). Titanium
3.5-mm plate and screws, 4.5-mm screws and
3.5/4.5 mm anterolateral proximal tibial anatomical
locking plate were provided by Trauson Medical
Instrument Company Limited (Trauson Medical
Instrument Co. LTD, Changzhou, Jiangsu, China).

Fracture model

All fracture models were created by the same
clinician according to the AO/OTA classification AO
33-B2.1 subtype. While creating the fracture models,
the medial edge of the osteotomy line was designed
to pass between the insertion site of the adductor
magnus and the distal part of the vastus medialis
origin as described in the study of Lee et al.™

A bristle saw was used to minimize bone loss
in the osteotomy cuts. After fixing the synthetic
models in a vise, a bristle saw was used to perform
an oblique osteotomy, starting at the intercondylar
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FIGURE 1. Synthetic distal femur model and internal
structure. (a) Anterior view of the distal femur showing the
smooth cortical surface of the medial condyle. (b) Coronal
section of the same specimen demonstrating the hard
compact component of the cortical shell and the underlying
soft cancellous part, which reproduces the trabecular
architecture of native bone. Scale bars indicate millimeters.
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groove (The intersection point of the anatomical
axis of the femur with the intercondylar groove
was located 40 mm lateral to the medial condylar
rim and 27 mm from the condylar rim), and ending
80 mm proximal to the distal medial condylar rim
(60 mm proximal to the intercondylar groove),
forming a 20° angle between the osteotomy line
and the anatomical axis of the femur (Figure 2). To
ensure reproducibility, we performed all cuts, and
inter-specimen variation of the osteotomy angle
was measured using a goniometer, which showed a
variance of less than 3 + 2.6°. Entry and exit points
were measured from the anatomical landmarks
(medial condylar rim and intercondylar notch) with
a ruler and demonstrated a mean deviation of less
than 2 mm. Verification was performed visually on
synthetic femurs. Since the osteotomies were carried
out on synthetic bones under direct visualization,
no fluoroscopic imaging was deemed necessary.
Before fixation, all fragments were anatomically
reduced under direct view, and interfragmentary
compression was achieved using tenaculum and
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FIGURE 2. Preoperative osteotomy planning for the AO/OTA
33-B2.1 fracture model. Synthetic distal femur illustrating the
planned oblique osteotomy (black line) used to reproduce a
medial condyle fracture. The cut begins at the intercondylar
groove and extends proximally with a 20° obliquity relative

to the anatomic femoral axis. Key reference distances
are indicated: 40 mm from the medial condylar rim to the
osteotomy entry point, 27 mm from the lateral condylar rim to
the anatomic axis, and 80 mm from the medial condylar rim
to the proximal end of the osteotomy. The anatomic femoral
axis is shown in black for orientation.
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temporary Kirshner wires (K-wires) followed by lag
screw insertion. The residual gap was confirmed to
be <1 mm in all cases.

Construct design

Seven constructs were created for each group
(n = 28). After determining the entry and exit
points on a pilot synthetic bone, screw placement
was standardized using a tibial anterior cruciate
ligament (ACL) drill guide and K-wires. The entry
and exit coordinates, as well as the trajectories
of all cannulated screws, are illustrated in
Supplementary Figures 1-3. In Group 1, three
6.5-mm cannulated screws were inserted from
the medial condyle to the lateral condyle of the
femur, perpendicular to the fracture line and in
a convergent manner to avoid the joint.®! The first
three cannulated screws were placed at equal
intervals along the anterior and distal subchondral
rim of the medial condyle in order to allow for
standardized comparison of the biomechanical
effects of the centrally positioned screw and the
supplementary plates. We also hypothesized that
positioning the screws in the subchondral region
would enhance construct stability, given the
superior bone quality and increased resistance to
displacement in this area. In Group 2, an additional
6.5-mm lag screw was inserted in the center of the
condyle in addition to the screw combination in
Group 1. In Group 3, three 6.5-mm cannulated
screws and a 3.5-mm buttress plate were used. In
Group 4, in addition to three cancellous cannulated
screws, the anterolateral proximal tibial locking
plate was used.

For Group 1, fixation was performed using
two 6.5 x 75 mm and one 6.5 x 70 mm partially
threaded (16-mm thread) cannulated screws. Screws
were advanced with a cannulated screwdriver
under manual control until the manufacturer’s
recommended torque resistance was encountered;
no torque-limiting device was available. This
standardized method was consistently applied
across all specimens. In Group 2, an additional
6.5 x 85 mm partially threaded (16-mm thread)
cannulated screw was inserted centrally. Washers
were not used in any specimen. Screw lengths were
selected to ensure bicortical purchase in the far
fragment.

In Group 3, fixation included the screws
described in Group 1 plus a buttress plate. The
most proximal two holes of the plate were filled
with 3.5 x 40 mm and 3.5 x 42 mm locking screws,
each inserted using a torque-limiting driver set to
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1.5 Nm. The third proximal hole was filled with a
4.5 mm cortical screw, which was tightened without
a torque limiter and advanced manually until firm
resistance was achieved.

In Group 4, the screws from Group 1 were
supplemented with a reversed proximal tibial
locking plate. Three proximal locking screws
(5 x 40 mm, 5 x 44 mm, and 5 x 46 mm) were
inserted using a 4 Nm torque-limiting screwdriver.
Distally, five locking screws were applied:
proximal 3.5 x 65 mm, middle-anterior
3.5 x 65 mm, middle-posterior 3.5 x 70 mm,
distal-anterior 3.5 x 70 mm, and distal-posterior
3.5 x 70 mm. All distal screws were tightened with
a 1.5 Nm torque-limiting screwdriver.

Group 1

The entry point for the first 6.5-mm cannulated
screw was identified as 1 cm superior to the
Blumensaat line and 1 cm proximal to the distal
end of the medial condyle in the sagittal plane.
This point also intersects the anatomical axis of the
femur in the sagittal plane. The entry points for the
second and third 6.5-mm cannulated screws were,
then, determined at 1 cm intervals on the periphery
of the condyle and superior to the Blumensaat line
(Figure 3). To ensure standardization, cannulated
screws were inserted from the same designated
entry points in all groups. After temporary fixation
achieved with a bone clamp and K-wires using the
ACL reconstruction drill guide, 6.5-mm partially
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FIGURE 3. Entry points for 6.5 mm cannulated lag screws.
Anterior view of the medial distal femur showing the
standardized screw entry coordinates used for Groups 1-4.
Red circles (1-4) indicate the designated starting points

for the three primary subchondral screws and the optional
central fourth screw. The fracture line and the Blumensaat'’s
line are marked for reference, and the anatomic axis of the
femur is indicated by the vertical black arrow.
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threaded (16 mm) cannulated screw fixation was
performed at the described points (Figure 3). Final
fixation in the load cell for all groups is shown in
Figure 4.

Group 2

After the bone models were fixed as described
in Group 1, an additional fourth screw fixation
was applied at the point where it intersected
the anatomical axis of the femur in the sagittal
plane 2 cm proximal to the first screw entry point
(Figure 3). This point corresponds to the center of
the medial condyle of the femur.

Group 3

After fracture reduction performed with a
bone clamp and temporary K-wires, a slightly
pre-contoured 6-hole 3.5-mm locking plate was
fixed to the bone in anti-glide mode using a
3.5-mm cortical screw and locking screws in the
proximal part of the plate, followed by fixation
with three 6.5-mm cannulated partially threaded
(16 mm) screws as described in Group 1. To
minimize implant lift-off, plates were contoured
before application and clamped to the medial
condyle during fixation. Offset was measured
with a caliper at multiple points, and in all cases
remained < 1 mm. The plate fitting parameters are
shown in Supplementary Figure 4.

Group 4

After fixation with 6.5-mm cannulated screws
as described in Group 1, a 5-hole 3.5/4.5-mm
ipsilateral anterolateral proximal tibial anatomical
locking plate (Trauson Medical Instrument Co.
Ltd, Changzhou, Jiangsu, China) was reversed and
placed to fit the medial condyle and fixation was
completed. The plate fitting parameters are shown
in Supplementary Figure 5. Screw holes, which
indicated with red dots, could not be used due to
joint penetration risk (Figure 5).

Mechanical testing and loading protocol

The biomechanical tests of the study were
carried out at the Biomechanics Laboratory at TOBB
University of Economics and Technology University,
Department of Mechanical Engineering.

After osteotomy and instrumentation, the
proximal portion of the specimens was placed
in a custom-made polyurethane mold and placed
in the 2015EMY01 axial compression device
(Capacity: 20 kN-10 Hz, Labiotech, Ankara,
Tiirkiye) to apply axial loading to the medial
femoral condyle. Specimens were potted with the


https://jointdrs.org/supplement/Suppl_File_4_JDRS_2543_2.pdf
https://jointdrs.org/supplement/Suppl_File_5_JDRS_2543_2.pdf

Biomechanical comparison of AO/OTA 33-B2. 1 fractures

'8

493

‘v’ 4

FIGURE 4. Final construct fixation in the axial loading test system. Representative photographs of the synthetic distal
femur specimens mounted in the servo-hydraulic testing machine for axial loading. The constructs are secured in custom
poly-urethane pots with the femoral shaft aligned vertically and the medial condyle positioned beneath the flat loading
platen. Differentimages illustrate the screw-only and plate-augmented configurations under identical boundary conditions.

femoral anatomical axis oriented vertically and
perpendicular to the load cell, with the distal
condyles positioned in 5° of valgus relative to the
mechanical axis to reproduce physiological joint-
line obliquity. The medial condyle was oriented
at 0° of flexion and 0° of axial rotation, verified
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FIGURE 5. Application of the anatomical proximal tibial
locking plate (Group 4). Lateral view of the medial distal
femur demonstrating placement of the reversed anterolateral
proximal tibial locking plate combined with three cannulated

lag screws (1-3) across the fracture line. Red circles highlight
the distal plate holes that were intentionally left unused
because screw insertion at these positions would risk
intra-articular penetration along the Blumensaat'’s line.

with a digital goniometer. Axial loading was
applied through a custom cylindrical polyethylene
indenter (25 mm in diameter, flat contact surface)
that distributed the load evenly across the medial
condyle. The contact interface was left unconstrained
in varus-valgus and anteroposterior translation,
allowing pure axial loading without artificial
shear restriction. The fixture compliance was
measured before testing and found to be negligible
(< 01 mm displacement at 1 kN). A schematic
illustrating the specimen coordinates, potting
angle, and load application footprint is provided in
Figure 6. Fracture displacement was quantified from
the actuator cross-head travel recorded by the testing
machine after correction for system compliance; A
high-resolution camera (EOS 750D, Canon®, Tokyo,
Japan) placed 120 cm away from the fracture line
was used for digital image correlation (DIC).

The specimens were first subjected to dynamic
testing. The specimens were subjected to a preload
of 100 N at 2 mm/min prior to dynamic loading. The
system was, then, loaded to 300 N at 10 mm/min
and then tested under dynamic loading conditions
at a frequency of 4 Hz between 200 N and 600 N
for 10,000 cycles, as described in the studies by
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FIGURE 6 Diagram illustrating the custom fixture used for biomechanical testing. Synthetic

femurs were embedded in polyurethane molds with the anatomic femoral axis aligned vertically
beneath the loading cell. A 25-mm radius steel rod applied the force vector perpendicular to the
condylar surface. The apparatus constrained the specimen to prevent varus/valgus angulation
and flexion/extension, ensuring pure axial loading while allowing measurement of displacement

across the fracture site.

Jarit et al.' and Yao et al.'® The stiffness of the
specimens was calculated from the slope of the
load-displacement curve obtained, when the system
was loaded from 100 N to 300 N prior to dynamic
loading. During the tests, the displacement data
from the load cell at 100 and 10,000 cycles were
used to calculate the displacement of the fracture
line on the vertical axis. After the dynamic loading,
static loading was applied at a speed of 10 mm/min
until fracture occurred in the system (catastrophic
failure) (Figure 7). Displacement values were
recorded during loading and the maximum load
values of the specimens were obtained from the
load-displacement graph. Given the importance of
articular congruity in these fractures, load values
at 1 mm, 2 mm and 3 mm of displacement (articular
step-off) were specifically measured and interpreted
as indicators of fixation failure.®!

Displacement thresholds of 1, 2, and 3 mm were
selected in accordance with prior biomechanical

Load (N)

Dynamic Loading

Load to Failure
10000 Cycle, 4 Hz 10 mm/min

Pre-Loading ; Static Loading ;
2emwin | ‘ i

1 1 ]

300
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FIGURE 7. Loading protocol used for biomechanical testing.
Schematic representation of the sequential loading regimen
applied to each specimen. After an initial pre-loading phase
(2 mm/min) to seat the construct, specimens underwent static

loading at 10 mm/min followed by dynamic cyclic loading of
10,000 cycles at 4 Hz between 200 N and 600 N. Finally, a
monotonic load-to-failure test was performed at 10 mm/min
until catastrophic displacement or construct failure occurred.
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studies of distal femoral condyle and Hoffa
fractures, where these cut-offs are frequently
reported as functional failure criteria.’171 In
particular, a displacement of 2 mm has been widely
adopted as the most clinically relevant threshold,
since articular incongruities beyond this level are
associated with poor joint mechanics. Load values
at these thresholds were recorded directly from the
testing machine’s displacement transducer during
monotonic static loading and, therefore, represent
instantaneous displacement under load. Residual
deformation was assessed separately in the cyclic
protocol by calculating the difference in vertical
displacement between the 100" and 10,000 loading
cycles.

Statistical analysis

Study power analysis and sample size
calculation were performed using the G*Power
version 3.1.9.7 software (Heinrich Heine University
Diisseldorf, Diisseldorf, Germany). By using the
mean and standard deviation of the results, the
effect size of the study was utilized. The sample
size for each group was seven and the error
probability was chosen as 0.05. As a result, the
power of the study was calculated as 0.99 which
was enough proof to decide the sample size was
sufficient.

Statistical analysis was performed using the IBM
SPSS version 27.0 software (IBM Corp., Armonk,
NY, USA). Normality was assessed using the
Shapiro-Wilk test, and homogeneity of variances
was evaluated with Levene’s test. Descriptive data
were expressed in mean + standard deviation (SD),
median (min-max) or number and frequency, where
applicable. For variables where the assumption of
normality was violated, non-parametric analyses
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were conducted. In this case, Kruskal-Wallis test
was used to detect overall group differences,
followed by Bonferroni-adjusted pairwise
comparisons to identify specific group contrasts.
A p value of < 0.05 was considered statistically
significant.

RESULTS

Dynamic tests

The mean stiffness values of the groups were
300+ 80 N/mm, 411 + 94 N/mm, 650 + 110 N/mm, and
802 + 70 N/mm. There was a statistically significant
difference between Group 1 and Group 2 and
between Group 1 and Group 4.

The displacement of the load cell during the
dynamic tests was calculated by considering the
difference between the data taken at 10,000* and
100" cycles (Table I). There was a statistically
significant difference between Group 1 and Group 4
and between Group 2 and Group 4 (Table II).

Static tests

The mean values of the maximum axial load
values obtained at the end of the static loading
tests. Group 1 withstood less load than the other
groups (1455 + 228 N) and Group 4 withstood
more load than the other groups (2360 + 389 N)
(Table I). There was a statistically significant
difference between Group 4 and Group 1
(p = 0.001) and between Group 1 and Group 2
(p = 0.016) in terms of maximum loading. There
was no significant difference between Group 4
and Group 2 (Table II), which could be attributed
to the fact that the central screw added in Group 2
significantly increased stability.

TABLE |
Mean and standard deviation of results

Group 1

Group 2

Group 3

Group 4

Mean £ SD

Mean £ SD

Mean = SD

Mean = SD

Maximum load (N)

Stiffness (N/mm)

Load at 1 mm (N)

Load at 2 mm (N)

Load at 3 mm (N)

Displacement at 100" cycles (mm)
Displacement at 10,000™ cycles (mm)
Difference between 100" 10,000'" cycles (mm)

1454.71 + 228.01
300.37 + 79.98
335.86 + 69.20
597.29 £ 142.43
849.86 * 245.45

2.39 +£0.77
2.63 £0.82
0.24 £ 0.18

2112.33 £ 190.43
411.06 + 93.73
396.67 + 59.48
747.50 + 155.93

1040.83 + 202.32

1.69 = 0.67
1.90 £ 0.62
0.21 £0.22

1903.86 + 214.75
650.08 + 110.03
461.17 £ 24.40
754.33 + 37.88

1063.00 + 65.23

1.57 £ 0.08
1.74 £ 0.18
0.16 + 0.11

2360.43 + 389.31
802.20 + 69.84
616.67 + 15.34

1138.50 + 86.82

1582.50 + 159.81

1.01 + 0.09
113 £ 0.13
0.13 + 0.04

SD, standard deviation.
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TABLE Il
Statistical comparison of the groups

Compared groups Group 1 vs. Group1vs. Group1vs. Group2vs. Group2vs. Group 3 vs.
Group 2 Group 3 Group 4 Group 3 Group 4 Group 4

Maximum load (N) 0.016* 0.282 0.001* 1.000 1.000 0.446
Stiffness (N/mm) 1.000 0.016* 0.001* 0.377 0.012* 1.000
Load at 1 mm (N) 1.000 0.103 0.001* 1.000 0.017* 0.550
Load at 2 mm (N) 1.000 0.775 0.001* 1.000 0.072 0.112
Load at 3 mm (N) 1.000 1.000 0.001* 1.000 0.065 0.081
Displacement at 100" cycles (mm) 1.000 0.698 0.001* 1.000 0.112 0.130
Displacement at 10,000" cycles (mm) 1.000 0.801 0.001* 1.000 0.072 0.077
Difference between 100" 10,000" cycles (mm) 1.000 0.103 0.001* 1.000 0.017* 0.550
* Statistically significant.

For all groups, the load values with the load cell
displaced by 2 mm were determined (Table I). The
mean load value of Group 1 was lower than the other
groups (597 + 133 N). In addition, a displacement of
2 mm was observed during dynamic loading. In
the other groups, 2-mm displacement was observed
after the dynamic test. In the Group 4, 2 mm of
displacement was observed at higher loads than the
other groups (1138 + 87 N) (Table II).

Failure modes were systematically classified
as follows: (1) screw pullout or cut-out from
the subchondral bone, (2) plate bending or
deformation, (3) condylar fragment split or

subsidence, intra-articular joint penetration of
screws, (4) proximal periprosthetic fractures,
and (5) potting block failure. The most frequent
failure mechanism in screw-only groups
(Groups 1 and 2) was articular subsidence with
screw cut-out, whereas the addition of a buttress
plate (Group 3) reduced screw migration, but
occasionally resulted in plate bending and
condylar split fractures. In the locking plate group
(Group 4), proximal periprosthetic fractures were
observed, consistent with a stress-riser effect at
the end of the construct. Representative images of
these patterns are presented in Figure 8.

FIGURE 8. Representative failure modes observed during axial loading tests.
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DISCUSSION

In the present biomechanical study, we attempted
to identify the most stable construct (in terms
of rigidity, maximum load to failure and load
at 2-mm displacement) for the fixation of medial
femoral condyle fractures, using synthetic femurs to
standardize bone quality and minimize confounding
variability. The most critical findings are as follows:
(1) Construct stiffness was highest in Group 4,
where a reversed anatomical proximal tibial locking
plate was combined with three 6.5-mm cannulated
screws. This group also demonstrated the highest
load to failure and resistance to 2-mm displacement.
(2) Addition of a centrally placed fourth screw
(Group 2) led to significant improvements in
load-bearing capacity compared to the traditional
three-screw construct (Group 1), but not to the
same extent as the locking plate construct. (3) The
buttress plate group (Group 3) showed increased
stiffness over the screw-only groups, but did not
significantly outperform Group 2 in load at 2-mm
displacement or in maximum load capacity. The
results are consistent with the work of Khalafi
et al.® who reported increased stability with
centrally placed 6.5-mm screws in unicondylar
fractures. Our data supports the notion that
screw trajectory and position, particularly central
placement aligned with the anatomic axis, have a
major influence on overall construct performance.
Additionally, stability of interfragmentary screws
is closely related to their pull-out strength, which is
influenced by factors such as outer diameter, thread
geometry, and implant material."® Larger diameter
screws usually provide greater pull-out strength.®
Therefore, we selected 6.5-mm cannulated, partially
threaded screws for interfragmentary compression,
consistent with previous recommendations.[®!
Notably, the central screw (Group 2) increased
axial stiffness by 37% and load capacity by 45%
compared to the three-screw configuration,
highlighting its biomechanical relevance. Although
some authors have advocated two-screw fixation
constructs in the treatment of unicondylar femoral
fractures, we believe such configurations may
be insufficient to support early mobilization and
weight-bearing.®17121 This concern is largely
based on the fact that existing clinical data in
the literature are both outdated and limited,
and most biomechanical studies on unicondylar
fractures have primarily focused on static loading
rather than dynamic testing conditions. According
to Becker et al.?? and several other authors,??*%!
peak femorotibial contact forces could reach up to
261% of body weight during walking, 346% during

497

stair descent, and as high as 550% in instances
of sudden loss of balance. In our study, a 2-mm
articular step-off was defined as a threshold for
fixation failure. The loads corresponding to this
displacement were 597 N, 748 N, 754 N, and 1138 N
for Groups 1 through 4, respectively. Notably, only
Group 4 exceeded the approximate load exerted by
a healthy 70-kg individual during single-leg stance.
While this comparison does not fully replicate
in vivo conditions, it may offer clinicians a practical
perspective on the relative strength and clinical
utility of each construct. Tibiofemoral contact
forces vary substantially with activity, reaching
~2-3 x body weight during level walking and
3-5 x body weight during stair descent or sudden
imbalance.?2??l Therefore, our 2-mm data should
be considered relative benchmarks of construct
performance under axial compression rather than
direct predictors of safe postoperative loading.
While stair descent can produce higher peak forces,
our cyclic protocol most closely reproduces the
repetitive loads encountered during early protected
weight-bearing.

Interestingly, although Group 3 (buttress plate)
had higher stiffness than Group 2, the loading
performance at critical displacement thresholds
(1 mm and 2 mm) was comparable, suggesting that
the fourth screw may substitute for the buttress
plate in select cases. In most biomechanical studies,
stability is considered to correlate positively with
construct stiffness.’ It is usually accepted that a
more rigid construct would allow less motion at the
fracture site. However, this assumption does not
hold true in every clinical or mechanical scenario.l'”}
This observation highlights the distinction between
construct stiffness and overall mechanical strength.
While stiffness (measured in N/mm) reflects the
elastic response during initial loading, it does
not necessarily correlate with failure resistance or
load tolerance at clinically relevant displacement
thresholds. Constructs with lower stiffness may
allow for a more gradual energy dissipation and
improved load distribution, particularly under
dynamic or repetitive loading conditions.” This can
prevent localized stress concentrations and delay
catastrophic failure, thereby enhancing overall
load-bearing capacity. Therefore, the superior
performance of the less rigid construct in our study
can be attributed to the interaction between screw
trajectory, bone-implant interface dynamics, and the
capacity of the construct to redistribute loads over
time. These findings underscore the importance of
considering both stiffness and ultimate strength
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while evaluating biomechanical fixation strategies
for intra-articular fractures. This finding has
meaningful clinical implications for minimally
invasive strategies, particularly in osteoporotic
bone where screw purchase may be limited.*
However, in osteoporotic bone or in fractures
with metaphyseal comminution, a buttress plate
may still be preferred when additional anti-glide
stability is required.

Superior performance observed in Group 4
validates the use of a locking plate in high-demand
cases. However, the absence of plates specifically
designed for the medial femoral condyle remains
a barrier. Intraoperatively, surgeons often must
adapt existing plates, leading to prolonged operative
times due to contouring and positioning challenges.
Despite encountering anatomical fit challenges
while using the medial distal femoral TomoFix®
plate (J&J] MedTech, NJ, USA) in combination with
a lag screw for the treatment of AO/OTA 33B2.1
fractures in elderly patients, Lee et al.' reported
superior clinical outcomes with this construct.
Our experience aligns with Upadhyay et al.”! who
showed that anterolateral proximal tibial plates offer
the best contour fit when reversed for the medial
femur. Surgeons should nonetheless be aware of
potential technical challenges such as soft-tissue
irritation or the need for careful contouring when
using a reversed tibial plate on the medial femur.

Our rationale to use this plate on the medial
distal femur is grounded in three key advantages

FIGURE 9. Postoperative radiograph of the reversed
anterolateral proximal tibial locking plate construct.
(a) Anteroposterior and (b) lateral radiographs of a specimen
fixed with a reversed anterolateral proximal tibial locking
plate. The images demonstrate accurate plate contouring to
the medial distal femur, safe screw trajectories beneath the
subchondral surface, and absence of joint penetration.
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highlighted in the literature: (1) its close
anatomical conformity to the medial metaphyseal
flare, which minimizes notch penetration risk
and allows safe placement of multiple distal
locking screws;”?1 (2) its ability to provide a
broad buttress/antiglide surface that enhances
biomechanical stability against varus collapse
and shear along the oblique fracture plane;® and
(8) its capacity to accommodate a convergent-
divergent distal screw configuration that forms
a subchondral “rafting” construct beneath the
articular surface, thereby improving resistance
to articular displacement.”! In addition, recent
case reports describing successful clinical
applications of the reversed anterolateral proximal
tibial plate further supported our decision to
select this implant for the present study.l®3-3
Collectively, these attributes position the reversed
anterolateral proximal tibial plate as a practical
and mechanically robust implant choice for
AO/OTA 33-B2.1 fractures, and a postoperative
radiograph of the construct is shown in Figure 9.
Despite anatomical adaptation, plate application
in Group 4 allowed for five distal screws without
intra-articular penetration, preserving fixation
strength.

Considering clinical implications, for patients
with good bone quality and minimal comminution,
central screw addition (Group 2) offers a soft
tissue-sparing,  cost-effective  alternative.
However, in osteoporotic bone or in fractures
with metaphyseal comminution, a buttress plate
may still be preferred when additional anti-glide
stability is required. Buttress plating (Group 3)
may be preferred, when additional anti-glide
stability is needed, particularly in osteoporotic
bone. Anatomic locking plates (Group 4) should
be considered in elderly patients or in fracture
configurations at high risk of displacement,
although the need for intraoperative plate
contouring may increase surgical time.

Nonetheless, this study has several limitations.
First, it does not fully replicate clinical conditions,
as it excludes the influence of soft tissue tension
and muscle-tendon dynamics on fracture
alignment and stabilization.'*®! Second, the use
of synthetic bone models lacks the anisotropy
and variability present in human bone. Third,
only axial loading was applied. While clinically
relevant to early weight-bearing, axial compression
does not reproduce the complex, multidirectional
stresses experienced by the distal femur in vivo.
The medial condyle is subjected to torsional
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stresses, varus-valgus bending moments, and
shear forces, particularly during activities such
as pivoting, stair climbing, or rising from a chair.
These loading conditions may induce different
failure mechanisms than those seen under axial
compression. To illustrate, screw-based constructs
may be more vulnerable to torsional loosening
or shear cut-out, whereas plate-based constructs
may better resist torsion and bending but deform
earlier under direct axial load. Furthermore, our
loading protocol applied force at a single point on
the condylar surface, which represents only one
clinical scenario. In vivo, load transmission occurs
across a variable contact area that shifts with knee
flexion and is influenced by soft tissues. The absence
of simulated muscle forces, ligamentous tension,
and joint kinematics may therefore bias construct
rankings. Finally, specimens were subjected to only
10,000 cycles; given that patients typically perform
approximately 5,000 cycles per day, further studies
incorporating higher cycle counts and multiaxial
loading are warranted.'** Further studies with
larger sample groups and extended dynamic cyclic
loading protocols (e.g., 50,000 or 100,000 cycles)
are warranted. Moreover, biomechanical models
that incorporate knee kinematics (such as gait
cycles) and evaluate the effects of multi-axial
forces on fracture stability would provide more
comprehensive insights. In addition, assessing
the response of different fixation methods under
axial loading, bending, torsion, and varus-
valgus stresses may better inform clinicians in
determining the most effective construct.

In conclusion, in the treatment of medial
femoral condyle fractures, the central placement
of a cannulated screw enhanced axial stability and
represented a less invasive alternative to buttress
plating under the conditions of this synthetic
model. The strongest construct was observed with
the combination of cannulated screws and an
anatomical locking plate. These findings are limited
to axial loading and the tested endpoints; therefore,
further biomechanical investigations under
multi-axial conditions, as well as cadaveric and
clinical studies, are required before generalizing to
early weight-bearing. The choice of fixation method
for optimal stabilization should still be considered
a matter of the surgeon’s preference and experience.
The development of anatomically contoured locking
plates specifically designed for the medial condyle
remains an important direction for future implant
design and validation.
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