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Abstract

Introduction Compromised bone quality and the need for
early mobilization still lead to high rates of implant failure
in geriatric patients with distal femoral fractures. With the
newest generation of polyaxial locking plates and the
proven retrograde femoral nails today two minimally
invasive surgical procedures have been established. Indi-
cations for both procedures overlap. This study attempts to
define the strength and failure mode of both surgical
procedures.

Materials and methods A standardized fracture model
was established to simulate an unstable AO/OTA 33-A3
fracture. Eight pairs of human cadaver femora (mean age
79 years, range 63—100 years) with compromised bone
quality were used. Osteosyntheses with eight retrograde
femoral nails and eight locking plates were randomly
performed. A materials testing machine (Instron 5566) was
used to perform cyclic stress tests according to a
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standardized loading protocol, up to a maximum load of
5,000 N.

Results  All specimens survived loading of at least
2,500 N. Three nail and one plate construct survived a
maximum load of 5,000 N. The mean compressive force
leading to failure was 4,400 N (CI 4,122—4,678 N) for nail
osteosynthesis and 4,429 N (CI 3,653-5,204 N) for plate
osteosynthesis (p = 0.943). Proximal cutting out of the
osteosynthesis was the most common reason for interrup-
tion in the nail and plate osteosyntheses. Significant dif-
ferences between the retrograde femoral nail and plate
osteosyntheses were seen under testing conditions for
plastic deformation and stiffness of the constructs
(p = 0.002 and p = 0.001, respectively).

Conclusion Based on our results, no statements regarding
the superiority of either of the devices can be made. Even
though the load to failure values for both osteosyntheses
were much higher than the loads experienced during nor-
mal walking; however, because only axial loading was
applied, it remains unclear whether both osteosyntheses
meet the estimated requirements for postoperative full
weight-bearing for an average heavy patient with a distal
femoral fracture.

Keywords Distal femoral fracture - Geriatric fracture -
Biomechanical analysis - Polyaxial angle-stable locking
plate - Retrograde intramedullary nail - Human cadaveric
bone model

Introduction
Distal femoral fractures are often considered to be the

result of high-energy trauma typically occurring in young
men. However, previous epidemiologic studies have shown
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that the incidence of these fractures increases dramatically
in old age [33, 37, 39, 40]. Moreover, these fractures
mostly occur in women, and are linked to only moderate
trauma and osteoporosis [27]. Due to an ongoing demo-
graphic change, a further increase in geriatric distal fem-
oral fractures is expected. Due to preexisting comorbidities
in such an elderly group of patients with additionally poor
bone stock quality, unstable distal femoral fractures can be
difficult to treat.

In this context, achieving total relief (or at least partial
weight-bearing) postoperatively presents an additional
challenge.

For early mobilization, recovery of the axis, length and
rotation in the dia- and metaphyseal area and proper fixation
of the condylar region are of major importance. Until the
1990s, open reduction internal fixation (ORIF) osteosyn-
thesis, in which anatomical reconstruction is achieved
through extensive surgical approaches, was performed. This
often affected microvascular circulation, leading to delayed
fracture healing, non-union and infections following plate
osteosyntheses in up to 80 % of treated patients [24, 29].
Because of these complications, a shift towards “biologi-
cal” osteosynthesis using minimally invasive approaches,
such as those already performed in nailing, occurred in plate
osteosynthesis.

During the last decade, a series of new implants have
been developed, in particular, locking plates and nailing
systems [16]. Retrograde intramedullary nails allow mini-
mally invasive fracture fixation due to their anatomic
design and the surgical approach. Nevertheless, opening of
the knee joint can be problematic. The primary drawbacks
of this approach include persistent knee pain in up to
25-55 % of cases [21, 30] and difficulties in anatomical
repositioning, resulting in high rates of malrotation
(11-22 %) [17, 30] and non-union (6-15 %) [5, 19, 25,
30].

With the newest generation of polyaxial plates with
angular stability, promising extramedullary fixation devi-
ces are now available for the treatment of supracondylar
femoral fractures. In addition to improved stability, angle-
stable plate systems also offer the possibility of soft tissue
protection and indirect fracture repositioning by plate
insertion through a minimally invasive approach [32].

Currently, retrograde femoral nails and the minimally
invasive implantation of plates are the two main osteosyn-
thesis strategies for the surgical treatment of extra-articular
distal femoral fractures. Nevertheless, the optimal choice of
surgical treatment device for these fractures remains
unclear [42]. Therefore, the purpose of the present study
was to compare the characteristics of a polyaxial angle-
stable plate with those of a retrograde intramedullary fem-
oral nailing device for the surgical stabilization of unstable
distal femoral fractures in a biomechanical testing setup.
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It was expected that nail osteosynthesis would provide
increased stiffness and allow less plastic deformation of the
construct as compared with plate osteosynthesis. Similar
failure loads for both osteosynthesis devices were
expected.

Materials and methods

Eight pairs of matched adult human cadaver femora were
available for this study. These paired femora were obtained
from human cadavers that had been embalmed with a
solution consisting of 96 % ethanol and <2 % formalde-
hyde. During perfusion, approximately 15 L of the solution
was passed through the femoral artery. The human
cadavers were stored for at least 1 year before use [38].
The femora were donated from the Institutes of Anatomy
and Cell Biology of Philipps University, Marburg, Ger-
many. All donors provided written consent by their own
free will for the use of their body for research purposes.
The specimens originated from three male and five female
adults with an average age of 79 years (range
63-100 years).

To exclude damage related to preexisting fractures or
osteolyses, all specimens were examined for integrity via a
clinical examination and a X-ray examination using a
c-arm unit. The surrounding soft tissue was stripped from
the specimens. Bones were then wrapped in moist towels
using the aforementioned embalming solution and stored in
a cooling chamber at 4 °C to avoid drying artifacts.
Peripheral quantitative computed tomography (pQCT)
measurements were used to record bone mineral density
(BMD). For the pQCT measurements, a Stratec XCT
Research SA+ instrument was used (Stratec Medizin-
technik GmbH, Pforzheim, Germany). Measurements of
cortical and cancellous BMD were performed at the con-
dylar region. The baseline intact stiffness of each specimen
was calculated (loading curves/slopes of displacement).
For this purpose, intact femora were tested with 20 com-
pressive cyclic loads at 0.25 Hz, and the loads were
ramped between 200 and 1,000 N. A regression line was
then calculated using the crude data points. The bones were
truncated to a length of 30 cm from the distal femoral end,
thereafter.

The implants compared in this study were the non-
contact bridging plate for the distal femur (NCB-DF) (CE
marketing 0086) and a M/DN retrograde femoral nail (CE
marketing 0086) (both from Zimmer Inc., Winterthur,
Switzerland). All locking plates (NCB-DF nine-hole
plates) used were angle-stable. Five screws were positioned
in the cancellous bone in the condylar region. The plates
used, additionally provided ten holes for diaphyseal bone
fixation. In the experimental setup eight of these holes were
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Fig. 1 A typical postoperative anterior—posterior photograph show-
ing anatomic reduction and stabilization using a reamed retrograde
femoral nail (right femur) and a non-contact bridging plate (left
femur)

located proximal to the fracture gap. The screws in the four
most proximal holes were bicortically positioned (Fig. 1).
The retrograde femoral nails were fixed using two screws
in the diaphyseal bone and using three locking screws in
the condylar region. Osteosyntheses, using the original
targeting devices for plate and retrograde femoral nail
fixation, were performed on the specimens according to a
randomized design. A single study surgeon (BC) implanted
eight retrograde reamed femoral nails (Group A) and the
same number of NCB-DF plates with polyaxial fixed angle
screws (Group B). After performing the osteosynthesis, a
standardized osteotomy was created using a surgical
oscillating saw. As fracture model an unstable supracon-
dylar femoral fracture was simulated (33-A3 in the AO/
OTA classification). The fracture gap was established
similarly to the fracture model published by Zlowodzki
et al. [45]. A 2-cm gap osteotomy was created perpendic-
ular to the anatomic axis of the femur. The distal cut was
made at the level of three-quarters of the width of the distal
femur above the intercondylar notch (Fig. 1). The femora
were then embedded in Technovit 3040 (Heraeus, Wehr-
heim, Germany), a thermosetting resin that is suitable for
biomechanical testing. The femora were potted into special
containers in such a way that the femora were aligned in an
anatomical, slightly valgus position of 5-7° relative to the
ground. The samples were thawed at room temperature
before testing. The proximal part of the bone construct
was loaded through a hollow plastic cylinder which was

Fig. 2 A photograph showing the test setup and demonstrating force
application over the femoral shaft. The proximal part of the bone
construct was loaded through a hollow plastic cylinder. The femoral
condyles were statically fixed in a metal cylinder

approximately 4 cm tall and 3 cm wide. The cylinder was
movable in two directions (anterior—posterior and medial—
lateral), allowing movements of the proximal femur during
loading. The femoral condyles were statically fixed in a
metal cylinder.

Subsequently, each femur was subjected to cyclic
loading on an Instron 5566 universal testing machine (In-
stron Corp., Darmstadt, Germany) (Fig. 2). According to a
standardized protocol, each femur was subject to a preload
of 100 N to compress the specimen and to avoid defor-
mation artifacts in the bone construct, which might occur
under minimal loading. Cyclic loading tests were then
conducted at a constant speed of 125 mm/min. At this
speed, loading was applied until the desired maximum
force was reached. In this way, a maximum cycling fre-
quency of 1 Hz was reached. As the compression force
increased, the frequency declined. At the end of the test,
the loading machine stopped automatically.

The test sequence started with 500 cycles at 1,000 N.
The load was continuously raised in steps of 500 N every
500 cycles until the maximum force of 500 cycles with
5,000 N was reached. Criteria that lead to premature dis-
continuation of testing were the failure of osteosynthesis.
As secure indicators of osteosynthesis failure sudden loss
of measured force (>20 %) and major deformation of the
bone construct (>30 mm) were defined.
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Fig. 3 Representative pQCT measurements for the reference specimen and three typical test specimens (#4, #5, #6)

Stiffness was calculated for all osteosyntheses using a
method analogous to that described above for determining
the baseline stiffness of the specimens.

The data were collected at 100 ms intervals using the
instrument-specific Bluehill Software. In all tests plastic
deformation, as a measure of irreversible deformation
under the influence of forces, was recorded automatically
by the Bluehill software using the maximum value in the
last cycle. Therefore, plastic deformation indicated defor-
mation that persisted after removal of the deformation-
inducing load.

Loading (N), compression set (mm) and the number of
cycles were recorded. In addition 95 % confidence intervals
(CIs) were determined. The data were statistically analyzed
using either Student’s ¢ test or, where appropriate, a paired
Student’s ¢ test. Statistical significance was set at p < 0.05.

Results

BMD measurements and baseline axial stiffness testing
before osteosynthesis

BMD analysis, using the pQCT measurements, revealed
compromised bone quality for the cancellous bone in all
examined specimens (mean 146.13 mg/cm?) in comparison
to a reference specimen (198.53 mg/cm?) obtained from a
31-year-old patient (Fig. 3). BMD was comparable in all
examined matched pairs of cadaver femora (p = 0.671).
All constructs survived loading with 20 compressive
load cycles at 0.25 Hz, when the force was ramped
between 200 and 1,000 N. No significant differences in
axial bone stiffness were observed between the matched
contralateral sides of the specimens (p = 0.135). Figure 4
shows the calculated bone stiffness of the eight paired
femora and compares the right and left sides. The highest
axial stiffness was exhibited by a right side sample at
0.94 kN/mm, and the lowest axial stiffness was exhibited
by a left side sample at 0.36 kN/mm. The average
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difference between contralateral sides was 0.16 kN/mm
(CT 0.05-0.26 kKN/mm).

Cyclic testing of nail and plate osteosynthesis

All examined specimens survived at least 2,500 N. Five
plate osteosyntheses and five nail osteosyntheses failed at a
compressive force between 4,000 and 5,000 N. Four of the
16 specimens survived a maximum load of 5,000 N (three
specimens with nail osteosyntheses and one specimen with
plate osteosynthesis) (Fig. 5). The mean compressive force
at failure was 4,400 N (CI 4,122-4,678 N) for the five nail
osteosynthesis that failed and 4,429 N (CI 3,653-5,204 N)
for the seven plate osteosynthesis that failed (p = 0.943)
(Fig. 5). No significant differences in mean BMD (153.25
vs. 143.87 mg/cm3; p = 0.467) or in baseline axial bone
stiffness (0.80 vs. 0.65 kN/mm; p = 0.116) were observed
for the four surviving specimens compared to the 12 failing
specimens.

In Group A, five nail osteosyntheses failed. All col-
lapsed specimens failed due to diaphyseal transverse frac-
ture through the proximal screws. Testing was not
discontinued due to deformation of the construct for the
nail osteosyntheses. In Group B, seven specimens with
plate osteosynthesis failed. In four specimens diaphysis
developed a fracture line that included all four proximal
and distal screw holes. In one specimen, the cancellous
bone screws in the condylar region in the distal part of the
osteosynthesis broke out. Major deformation of the bone
construct occurred for two specimens and their testing was
discontinued (Fig. 6a—d).

Plastic deformation and stiffness of the osteosynthesis

Figure 7 shows a graph of plastic deformation in the plate
and nail osteosyntheses up to a maximum load of 5,000 N.
Failing osteosyntheses are not included in the graph; thus,
not all specimens are included beyond a load of more than
2,500 N. The plastic deformation measured in the plated
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Fig. 4 Comparison of baseline
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group was significantly larger (p = 0.002) than that mea-
sured in the nail group (Fig. 7). In addition, construct
stiffness significantly differed between the two osteosyn-
thesis groups (p < 0.001). With a mean stiffness of
1.52 kN/mm (CI 1.38-1.66 kN/mm) nail osteosynthesis
was stiffer than plate osteosynthesis, which had a mean
stiffness value of 0.97 kN/mm (CI 0.82—1.12 kN/mm).
Based on a load of 2,500 N, an additional analysis of
plastic deformation was performed in both osteosynthe-
sis groups. The mean plastic deformation, which is a
measure of irreversible deformation, was 0.29 mm (CI
0.07-0.50 mm) for nail osteosynthesis and 0.76 mm (CI
0.27-1.25 mm) for plate osteosynthesis. Differences in
plastic deformation between the retrograde femoral nail
and plate osteosynthesis at 2,500 N were statistically sig-
nificant (p = 0.006). A separate stiffness calculation was
also performed at a load of 2,500 N. As previously shown
for stiffness over all loading steps, at a load of 2,500 N, the
nail osteosynthesis (mean 1.55 kN/mm; CI 1.25-1.85 kN/

Pair of samples

mm) was significantly stiffer than the plate osteosynthesis
(mean 0.91 kN/mm; CI 0.58-1.25 kN/mm) (p < 0.001)
(Fig. 8).

Discussion

Compromised bone stock quality and the need for early
mobilization in a mostly elderly patient group have always
been considered difficult to arrange. For the surgical treat-
ment of extra-articular distal femoral fractures, the retro-
grade femoral nail, as an intramedullary device, and locking
plates for extramedullary fixation are commonly used [12,
22, 43]. The indications for both procedures overlap.
Implant failure in supracondylar femoral fractures remain a
common problem with retrograde nail osteosynthesis fail-
ure reported in up to 38 % of cases [36]. Similar results
using the less invasive stabilization system (LISS plate)
with implant failure rates of up to 20 %, have been
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Fig. 6 Photographs showing
the failure mode of the plate and
nail osteosyntheses. In the plate
osteosynthesis, cut out of the
distal screws (a), major
deformation (b) and cut out of
the proximal screws occurred
(¢). In nail osteosynthesis, cut
out of the proximal screws was
always the cause of failure (d)
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Fig. 7 The mean plastic deformation in plate and nail groups plotted
against the applied load. For each mean value, half bars illustrating
the standard deviation are shown. For the mean values of plate
osteosynthesis, the half bars only go upwards. For the mean values of
nail osteosynthesis, the half bars only go downwards. At loading steps
from 1,000 to 2,500 N eight nails and eight plates were tested. Due to

published [8]. Due to these high rates of osteosynthesis-
related failures, further experimental investigations con-
cerning the strength and failure modes of these implants
used are necessary. Therefore, in this study, the properties
of the newest generation of a polyaxial locking plate were
analyzed and compared with a retrograde femoral nail for
the stabilization of unstable extra-articular distal femoral
fractures. As assumed, the present study could prove that
nail osteosynthesis provided increased stiffness and less
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implant failure, only eight nails and seven plates were tested at a load
of 3,000 N. At a load of 3,500 N eight nails and six plates remained
for testing. At a load of 4,000 N seven nails and six plates were tested.
At a load of 4,500 N three nails and four plates were tested. At a
maximum load of 5,000 N three nails and one plate were tested

plastic deformation as compared to plate osteosynthesis.
Failure loads for both osteosynthesis devices were
comparable.

In plate osteosyntheses, two failures due to major
deformation and one failure due to cutting out of the can-
cellous bone screws in the condylar region occurred. In all
other failing specimens diaphysis developed a fracture line
that included all four proximal and distal screw holes
which was the reason for collapse. No fracture of screws or
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Fig. 8 Stiffness calculation of nail and plate osteosyntheses at a load
of 2,500 N

screw loosening occurred. These biomechanical findings
agree with the results of several clinical studies reporting
on the failure of locking plate osteosynthesis, which is
mostly located within the zone proximal to the fracture and
is attributed to screw pull out or screw loosening [20, 31,
34]. The present experimental setup used bicortical screw
fixation; however, in clinical trails reporting on the failure
of plate osteosynthesis, monocortical screw fixation has
mostly been performed, which might be a cause for failure.
In all of the failing specimens fixed with nail osteosyn-
thesis, the results of the present study revealed that
diaphyseal transverse fracture through the proximal screw
was the reason for failure. These results contradict to our
own clinical experience and the results of a multitude of
clinical studies that have primarily reported failure of the
distal screws [1, 26, 36], even enabling the opportunity for
nail migration into the knee [13, 30]. This elevated rate of
diaphyseal transverse fracture through the proximal screw
in nail osteosynthesis might be explained by the fact that
only an axial load was applied. Under in vivo conditions,
the femur is subjected not only to axial loading but also to
bending, shearing and torsional loads during many daily
activities. For some activities, such as rising from a chair or
climbing stairs with the hip and knee in moderate to high
flexion, both torsion and bending can contribute substan-
tially to local stresses in the femoral mid-shaft. Closer to
the knee joint, it is likely that the amount of bending
decreases. Nevertheless, the complexity of the in vivo
loading on the femur is unlikely to be fully captured under
the axial-only loading condition used here.

Our cyclic loading tests confirmed that retrograde
femoral nail osteosynthesis creates a stiffer construct
than locking plates (1.52 vs. 0.91 kN/mm at 2,500 N),
possibly because the nail osteosynthesis is positioned

intramedullary and therefore acts as a rod model. The
decrease in plastic deformation for the nails past a load of
4,000 N is more likely related to the fact there are fewer
specimen and those with higher plastic deformation had
already failed than to the fact that stiffness would decrease
at higher loading steps in general (Fig. 7). Plates exhibited
greater plastic deformation than nails (0.29 vs. 0.76 mm at
2,500 N). These findings are in consistent with a multitude
of other biomechanical studies investigating osteosynthesis
stiffness and osteosynthesis movement in various fracture
models [10, 23, 41, 44]. Using an osteoporotic saw-bone
model Wihnert et al. [41] investigated four different
implants (T2 intramedullary nail, supracondylar nail, distal
femoral nail, AxSOS angular plate) under torsional and
axial loading conditions. Concerning cyclic axial loading
their results confirm findings of the present study, with
intramedullary nails showing higher stiffness as compared
to plate osteosynthesis.

In an experiment using matched pairs of fresh frozen
human cadaveric bones, Zlowodzki et al. analyzed the
properties of a retrograde intramedullary nail, an angled
blade plate and a locked internal fixator (LISS plate)
regarding fixation of distal femur fractures. The authors
showed that intramedullary nails (696 N/mm) offered a
higher degree of stiffness than angled blade plates (171 N/
mm) and LISS plates (111 N/mm) [44]. In an experimental
setup with synthetic femurs, Heiney et al. [14] showed that
a retrograde intramedullary nail allowed significantly less
micromotion across the osteotomy gap than a dynamic
condylar screw and a locked condylar plate. Micromotion
over the osteotomy gap was not analyzed; instead, motion
of the osteosyntheses based on movements of the actuator
were measured, which are typically an order of magnitude
greater than measurements of fracture gap motion. Nev-
ertheless, this biomechanical analysis provides further
evidence that plate osteosynthesis is a more flexible con-
struct than the retrograde intramedullary nail but has
comparable loading capacities. In contrast to the use of
conventional compression plates, which aim for primary
bone healing, the bridge plating technique with locking
plate osteosynthesis leads to secondary bone healing [3, 7].
In this context, it is known that secondary bone healing
dispends on the existence of some strain at the fracture site
[11]; thus, axial micro-movements in particular have been
shown to be beneficial, as studied in clinical and simulated
tibial fractures [18]. Due to its extramedullary design,
especially locking plate osteosynthesis induces some in-
terfragmentary motion at the cortex opposite to the plate,
while motion is reduced at the cortex adjacent to the plate
[6]. The opportunity for minimally invasive implantation of
a plate, which would lead to lower rates of soft tissue
complications, could additionally improve the healing
process [32].
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Nevertheless, when fracture strain exceeds the healing
threshold, evidence exists from biomechanical and animal
studies that bone healing can be disturbed, leading to
nonunion, malunions or implant failure [4, 15]. Therefore,
it should be noted that the optimal balance between fixation
stiffness, elasticity and micromotion for fracture healing
has not yet been entirely clarified.

In vivo biomechanical loading analyses of femur and hip
contact forces during gait patterns were conducted by
Bergmann et al. [2]. They could show that forces affecting
the lower limb increase to as high as 240 % of body weight
during normal walking so as up to 250 and 260 % of body
weight when going upstairs and downstairs, respectively.
Such a long-term stress test within the meaning of a gait
simulator, using torsional so as bending forces, was not
conducted in this experimental setting. Even though the
load to failure values measured in this study were much
higher than those experienced during normal walking, due
to restrictions to the only axial loading mode with no
muscle forces considered, it remains unclear whether both
osteosyntheses exactly meet the estimated requirements for
postoperative full weight-bearing for an average heavy
patient (70 kg) [2]. Nevertheless, the loading values used
represent the clinical situation of partial to full weight-
bearing, which should be achieved after the surgical
treatment of these fractures in geriatric patients. Consid-
ering the results of Bergmann et al. the results of this study
suggest that both osteosyntheses enable satisfactory and
comparable results.

pQCT measurements were used to analyze the struc-
tural bone quality of the specimens examined. The mean
bone mass of examined specimens in this study was
146.13 mg/cm3; thus, the measured bone mass was less
than that of our reference specimen (198.53 mg/cm®) and
less than the reference value of 158.01 mg/cm® published
by Niedhart et al. [28] who reported averaged pQCT
measurements for the distal radius, lumbar spine and
proximal femur in patients aged from 71 to 80 years.
Among a group of 36 volunteers (mean age 39 years),
Sievédnen et al. [35] found a mean trabecular density of
231.3 mg/em® (+29.5 mg/cm?®) based on pQCT mea-
surements of the distal femur. The BMD of the specimens
used in this experiment (mean value 146.13 mg/cm®) was
far lower than that found by Sievinen et al. in a younger
reference population. Considering the standard deviation
for healthy young patients reported by Sievinen et al. the
bone mass of our reference specimen (198.53 mg/cm?)
appears within the normal range. Realistic test conditions
for an elderly patient population were simulated using
specimens with compromised structural bone quality.
Unlike other biomechanical examinations of osteoporotic
bones, in this experimental setup, failing specimens
showed no significant difference in BMD as compared to
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surviving constructs (p = 0.467) [9]. A larger number of
samples might have helped to reach statistical significance
regarding this point. Although no statistical significance
for BMD was observed in this experimental setup, it can
be presumed that decreased bone quality is a limiting
factor for fracture stabilization even if optimal reduction
and implant positioning is achieved. The bone model
itself appears to have not influenced the study results. A
recently published biomechanical study showed that
embalmed femura had characteristics similar to fresh
frozen bones [38]. Therefore, it was suggested that
embalmed human cadaveric bones are suitable for the
mechanical testing of orthopedic and trauma devices.

Conclusion

Even though the load to failure values measured in this
study were much higher than those experienced during
normal walking, due to restrictions to the only axial load-
ing mode it is not possible to decide which of the devices is
superior. With respect to cyclic loading realistic conditions
were simulated, suggesting that both osteosyntheses enable
comparable results.
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