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Abstract

Background: Intramedullary nailing is the “gold standard” treatment modality of diaphyseal fractures of the tibia.
However, when the same method is used for extra-articular fractures of the proximal tibia, various problems may occur,
like malalignment, loss of reduction, and non-union. The objective of the present biomechanical study was to compare
the stability of six tibial nails when these are used for the treatment of unstable, extra-articular, proximal tibial fractures.
Methods: Thirty composite tibia models were divided into six groups, and a corresponding number of nails from six
manufacturers (Citieffe, Braun Aesculap, Orthoselect, Orthofix, Stryker, and Depuy Synthes) was implanted in each
group. The maximum number of proximal screws was used for each specimen, and a proximal gap osteotomy was
performed. Each bone model was then submitted in dynamic, followed by static loading, and the passive construct stiff-
ness was calculated, representing the specimen’s rigidity. Furthermore, for each specimen, the force needed to cause a
displacement of more than one millimeter at the fracture site was calculated.

Results: Stiffness values of a solid nail with two proximal screws and a cannulated nail with five screws were signifi-
cantly higher compared to all other groups. On the other hand, a titanium cannulated nail with three screws showed the
lowest rigidity.

Conclusion: Solid nails provide more rigidity compared to cannulated ones, and the maximum number of proximal screws

in all possible directions should be used in order to achieve maximum stability. HIPPOKRATIA 2019, 23(2): 58-63.
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Introduction

Intramedullary nailing remains the treatment of
choice for unstable tibial shaft fractures due to excellent
healing rates, with minimal procedure-related complica-
tions'2. As a result of this gain in popularity, the indica-
tions for intramedullary nailing have expanded to more
proximal and more distal fracture patterns. Soon after the
implementation of intramedullary nailing of proximal
and distal tibial fractures, problems such as unaccept-
able malalignment have surfaced®. This is mainly due
to the flared triangular shape of the proximal and distal
metaphysis, which prevents cortical contact of the nail.
Regarding the distal tibia, it has been shown that it is nec-
essary to achieve an acceptable reduction using meticu-
lous surgical techniques, followed by at least two distal
locking screws in order to have the optimal bone-implant
interface, which will lead to union*”.

Treatment of extra-articular proximal tibial fractures
with an intramedullary nail remains challenging. Valgus
malalignment and anterior angulation of the proximal

fragment are common deformities that led some authors
to advise against the use of intramedullary nails for the
treatment of these fractures®. Several reasons for this is-
sue have been identified, such as the anteriorly directed
pull of the extensor mechanism of the knee, the mismatch
between the diameter of the nail and the metaphysis at
this level, the inappropriate entry point and inability to
use at least two proximal locking screws in the short
proximal segment’. Various adjustments to the standard
intramedullary technique have been proposed, which aim
to achieve and maintain an acceptable reduction. These
include the use of blocking-poller screws®, a more lat-
eral entry point’, nailing with the knee in an extended
position'®, suprapatellar nailing", and modification of
the proximal interlocking screws position, number and
orientation'?.

The aim of the present biomechanical study was to
evaluate and compare the properties and behavior of six
modern, commercially available intramedullary nails for
the treatment of proximal extra-articular tibial fractures.
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Materials and methods

Thirty composite bone models of the tibia were used
(Model number 3401, 4" generation composite bone,
Sawbone, Sawbones Europe AB Malmo Sweden). This
validated bone model has been previously used for sev-
eral biomechanical studies, and its mechanical properties
are similar to the tibia of a healthy adult without ostepo-
rosis'!4,

Six commercially available tibial intramedullary
nails were used. They were all nine mm in diameter,
with lengths ranging from 335 to 360 mm. The nails
were composed of stainless steel or titanium alloy, were
solid or cannulated, and they had various configurations
of proximal and distal locking options. The distal holes
ranged from two to four, and the proximal ones from
two to five. The orientation of the proximal screws also
varied, from the classic mediolateral to a combination of
mediolateral, oblique, and anteroposterior (Table 1). The
experiments took place between 2014 and 2017 at the
laboratories of the Mechanical Engineering Department,
School of Engineering, International Hellenic Univer-
sity, Serres, Greece. Implementation of this experimen-
tal study was approved by the General Assembly of the
School of Medicine of the Aristotle University of Thessa-
loniki. Ethical approval was not required since there are
no humans or animals involved in the experiments only
model and material testing.

Specimen preparation

The sawbones were divided into six groups of five,
and each group was prepared with one of the six nails.
The bone model was stabilized using a custom-made
clamp, and an identical entry point was established in all
models based on similar landmarks on the tibial plateau.
The medullary canal was entered using either an owl or

a drill bit, depending on the surgical technique suggested
by the manufacturer, followed by a guidewire. The canal
of all the bone models was reamed up to 10.5 mm in 0.5
increments, and the nail was inserted until the proximal
end of the implant stayed flush to the surface of the saw-
bone. Each nail was locked proximally with the maxi-
mum number of screws it allowed. Distally, all nails were
locked with two screws, which were inserted either with
the jig provided by the manufacturer or with a freehand
technique under image intensification'®. At this point, all
specimens were radiographed with an anteroposterior
and lateral view.

All specimens were marked at a distance of eight and
ten cm below the articular surface of the tibial plateau. A
two cm osteotomy was performed, using a handsaw. This
osteotomy represents the worst-case scenario in terms of
stability, simulating a 42-C3 fracture, according to the
AO classification of long bones fractures, as in the tech-
nique used by Horn et al and Agathangelidis et al*!¢1%,

Mechanical testing

All specimens underwent biomechanical loading in
two modes. The first mode was fatigue testing with low,
eccentric loads for 100,000 cycles, and the second mode
was axial static loading with higher loads (Figure 1).

For the first part of the experiment, the proximal and
distal ends of the specimens were potted in a hollow-
formed polyamide fixture, filled with fiberglass-reinforced
resin. The molds did not encapsulate any screws and en-
sured that the load was shared evenly on the tibial plateau
and plafond surfaces. The custom-made fixtures were
marked at a point 23 mm medially to the anatomic axis of
the tibia proximally and 9 mm medially to the same axis
distally. This offset reproduces the expected peak load vec-
tor during the gait cycle'*?. The specimens were compres-

Table 1: Dimensions, types, material and number of proximal screws of the six intramedullary nails tested.

Manufacturer Dimensions  Nail profile Type Pf Number a}nd directions
material of proximal screws
Dynamic T, Citieffe . 2 lateral,
Group A (Bologna, Italy) 9x335 Cannulated  Titanium alloy 3 1 anteroposterior
Targon T, B-Braun Aesculap . L.
Group B (Tuttlingen, Germany) 9x 360 Solid Titanium alloy 2 2 lateral
OrthoSelect Interlocking Nail
Group C system 9x 345 Cannulated  Stainless steel 2 2 lateral
(Wurmlingen, Germany)
Group D Orthofix Tibial nailing system 9x 350 Solid Stainless steel 2 2 oblique
(Verona, Italy)
T2, Tibial nailing system, .
- 2 oblique,
Group E Stryker 9x 360 Cannulated  Titanium alloy 3
P 1 lateral
(Schonkirchen, Germany)
Expert Tibial Nail, Depuy .
Group F Synthes 9x 345 Cannulated  Titanium alloy 5 2 oblique, 2 lateral,

(Oberdorf,Switzerland)

1 anteroposterior

Dimensions: diameter x length in mm.
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Figure 1: Experimental setup for A) fatigue testing and B)
static loading of the composite tibia models implanted with
six different intramedullary nails.

sive cyclic loaded on the fatigue testing machine (Instron
8801, Instron, Pfungstadt, Germany) for 100,000 cycles.
All the fatigue tests were conducted in load-controlled
mode with a haversine loading of 2 Hz frequency. The dy-
namic loading, ranging from 200 N to 450 N, was imposed
upon a static preload of 150 N in order to ensure that the
specimen’s flexure would not lead to contact relaxation
between the specimen and the fixture. The loading forces
represent partial weight-bearing for a subject weighing 65
to 85 kg and were adapted from previous studies?'. During
the implementation of the fatigue tests in every 10.000 cy-
cles, simultaneous load and displacement data acquisition
were carried out. The quantitative outcome of all tests was
the calculated value of dynamic stiffness, representing the
specimen’s rigidity. The loading and data acquisition pro-
tocol was used before by Goett et al*2. For the second part
of the experiment, the specimens mounted on the custom-
made fixtures were loaded on the compression testing ma-
chine (Instron Satec 1200, Instron, Pfungstadt, Germany),
this time with the load passing along the anatomic axis of
the tibia. The specimens were statically loaded for three
cycles, with forces ranging from 100 N to 1200 N. In order
to calculate each specimen’s stiffness, data acquisition was
performed during the fourth cycle.

Statistical analysis

Descriptive statistics are reported as means + stan-
dard deviation. Normality assumptions were evaluated
using the Shapiro-Wilk test. One-way ANOVA was used
for the comparison of means of independent measure-
ments, while Generalized Estimating Equations (GEE)
modeling was used for the assessment of the effects of
independent factors/covariates on longitudinal measure-
ments. The Sidak correction was used to adjust for mul-
tiple testing. Data analysis was performed with Stata 13.1
(Stata Corp., College Station, TX).

Results
Fatigue testing

During the first mode of the experiment, data acquisi-
tion was performed every 10,000 cycles while the stiff-
ness of the construct was also calculated. For each speci-
men, a comparison of the stiffness of every step up to
100,000 cycles was performed in order to identify any
irregular behavior or mechanical failure of the construct.
Each specimen’s mechanical properties remained stable
up to 100,000 cycles without any failure or irregularity.

The average stifthess for each group was compared pairwise
in a post hoc fashion (Table 2). Statistically significant differ-
ences between groups were detected at the 5 % level (F =36.8,
df=5.19, p <0.001). Results of the post hoc procedure suggest
that groups D and E differ from all others, with D having the
highest values and E the lowest. The average stiffnesses of
Groups F and B are very close; the same holds for groups A,
B, and C. These results are illustrated in Figure 2.

Static loading

The average stiffness for each group was recorded in
a longitudinal setting. Generalized Estimating Equations
(GEE) modeling was used for inference as a result. Group
D differs from all other models in this setting (p <0.05), giv-
ing the highest values, while group E differs from F only (p
=0.024). In all other comparisons, there were no statistically

Table 2: Fatigue testing: mean stiffness in kN/mm of each
group (of tibia models implanted with nails from different
manufacturer) and standard deviation.

Group Mean Standard Deviation
A 0.47757425 0.03564694
B 0.5720755 0.05399894
C 0.50792137 0.0165074
D 0.77724198 0.07216064
E 0.31073521 0.04575792
F 0.66213746 0.0887677

Group A: Dynamic T, Citieffe, (Bologna, Italy), Group B: Targon
T, B-Braun Aesculap, (Tuttlingen, Germany), Group C: OrthoSe-
lect Interlocking Nail system, (Wurmlingen, Germany), Group D:
Orthofix Tibial nailing system, (Verona, Italy), Group E: T2, Tibial
nailing system, Stryker, (Schonkirchen, Germany), Group F: Expert
Tibial Nail, Depuy Synthes (Oberdorf,Switzerland).

Table 3: Static loading: mean stiffness in kN/mm of each
group (of tibia models implanted with nails from different
manufacturer) and standard deviation.

Group Mean Standard Deviation
A 0.7050943 0.1161984
B 0.6943683 0.1202031
C 0.6020691 0.0901108
D 0.8660421 0.1391302
E 0.5623103 0.0647764
F 0.7247105 0.1600652

Group A: Dynamic T, Citieffe, (Bologna, Italy), Group B: Targon
T, B-Braun Aesculap, (Tuttlingen, Germany), Group C: OrthoSe-
lect Interlocking Nail system, (Wurmlingen, Germany), Group D:
Orthofix Tibial nailing system, (Verona, Italy), Group E: T2, Tibial
nailing system, Stryker, (Schonkirchen, Germany), Group F: Expert
Tibial Nail, Depuy Synthes (Oberdorf,Switzerland).
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Figure 2: Box plots comparing the stiffness of each group
(of tibia models implanted with nails from different manu-
facturer) during fatigue testing.
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Figure 3: Box plots comparing the stiffness of each group
(of tibia models implanted with nails from different manu-
facturer) during static loading.
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Figure 4: The value of load causing displacement of one mil-
limeter at the fracture site for each of the six groups (of tibia
models implanted with nails from different manufacturers).

Footnote for figures 2-4

Group A: Dynamic T, Citieffe, (Bologna, Italy), Group B: Targon
T, B-Braun Aesculap, (Tuttlingen, Germany), Group C: OrthoSe-
lect Interlocking Nail system, (Wurmlingen, Germany), Group D:
Orthofix Tibial nailing system, (Verona, Italy), Group E: T2, Tibial
nailing system, Stryker, (Schonkirchen, Germany), Group F: Expert
Tibial Nail, Depuy Synthes (Oberdorf,Switzerland).

significant differences (p >0.05) (Table 3; Figure 3).

For each group of specimens, we additionally calcu-
lated the force needed to reach the limit of one mm of dis-
placement at the fracture site. Group D recorded the high-
est value. A, B, and C did not differ significantly amongst
them, E was similar to C but had significantly lower val-
ue both from A and B. Finally, group F had similar values
to A and B but differed from all others (Figure 4).

Discussion

In the present study, we experimented with the bio-
mechanical behavior of six different intramedullary nails.
Solid stainless steel nails, with two oblique screws and
cannulated titanium nails with five proximal screws, out-
performed all other nails in terms of stability. The nails
were implanted in composite tibia bone models, which
have been widely used in biomechanical studies?. Their
mechanical properties are consistent and predictable
compared to cadaveric tibiae; they are available in large
numbers and assure uniformity. As a result, any differ-
ences we found between the various specimens were at-
tributed to the mechanical properties of the nail and not
to the bone model. We also used a wide osteotomy of
the proximal metaphysis like the one used by Hansen
et al and Laflamme et al, simulating the worst-case sce-
nario of an extra-articular fracture of the proximal tibia
in terms of stability, since there is no cortical contact of
the fracture fragments, no soft tissue stabilization and the
stability of the fracture depends solely on the implant'>'6,
During fatigue testing, we loaded the bone models in an
axis medial to the anatomic axis of the tibia. This load-
ing mode, that was proposed by Gaebler et al and has
been implemented in a number of studies, simulates the
location of the expected resultant load during peak load-
ing'*?, During static loading, we used the anatomic axis
of the model to apply higher but non-destructive forces.
Regarding stiffness, the results were similar in these two
testing modes in terms of grouping: in both tests, group
D had the highest stiffness values, while group E had the
lowest ones. However, in the eccentric loading, the dif-
ferences observed between the various models were more
distinct.

There are various studies in the literature which are
focused on a proximal tibial fracture and its optimal
treatment. In a cadaveric study, Feng et al compared a
nail with two proximal screws with plating and external
fixation systems?*. They found that the nail had adequate
mechanical properties in compression but not in bend-
ing. The authors concluded that a titanium nail with two
screws is not adequately stable and should be assisted
with a plate. In our study, we found that titanium nails
with more than three screws outperformed titanium nails
with only two or three screws. Therefore, more proximal
locking options could render the need for adjuvant meth-
ods of fixation unnecessary.

Laflamme et al compared a tubular tibial nail to a
plate. The authors concluded that in terms of stability, a
construct with a nail and four proximal screws was simi-
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lar to a plate osteosynthesis'?. They also found that the
removal of the two oblique screws, in all testing modes,
significantly decreased the rigidity of the system. Three
out of the six nails we tested were tubular, titanium with a
range of three to five screws. We found that group E that
had the maximum number of proximal screws in various
directions was stiffer, followed by group A that had three
screws, two lateral and one anteroposterior, and then by
group E that had two oblique and one dynamic lateral.
Our results agree with Laflamme’s, in that more screws
in more than one direction add to the stability of the nail
construct.

In a biomechanical test, Gollwitzer et al, found that
two proximal screws were more stable than one; when
they used only one screw, the construct was stiffer only
when they increased the distance of the screws from the
knee joint?. We did not test any nails with less than two
locking options, but we found that the second-best group
in terms of stability was with that with the maximum
number of screws and the most distal screw closest to
the fracture, compared to all other nails. However, the
stablest construct had only two oblique screws and was
relatively close to the knee joint. This shows that other
mechanical factors play a more critical role than the dis-
tance from the knee joint.

In a biomechanical study, Weninger et al compared
solid and cannulated tibial nails for the treatment of un-
stable distal tibial fractures. The authors concluded that
screw failures occurred earlier with cannulated nails than
with solid ones®. To the best of our knowledge, this is
the only study that directly compares these two types of
nails and shows that screw number and configuration are
very important in cannulated nails, since the load shared
from the nail to the locking configuration may lead to
mechanical failure. In line with the interpretation given
by Weninger et al, our data suggest that a solid nail with
only two oblique screws (group D) is stiffer than a can-
nulated one with five screws (group E), in both static and
dynamic loading.

There are a few papers in the literature supporting
the use of the maximum number of screws for the in-
tramedullary nailing of proximal tibial fractures. Hansen
proved that three screws provide significantly more sta-
bility compared to two. Freeman showed that four screws
perform better than three, while Kandemir concluded that
a nail with four proximal screws provides similar fatigue
performance to double locking plates!®!®?”. Of the three
cannulated nails in our experiment, the stablest of all was
the one with five screws (group F), while the least stable
of all was the nail with three screws, two oblique and one
lateral (group E). Group A that had two lateral and one
anteroposterior showed better mechanical stability than
group E, which we attributed to the locking pattern in
multiple directions.

It has been suggested that controlled micro-motion at
a range of 0.2 to 1 mm at the fracture site will promote
healing?. However, a system that is too stiff or very flex-
ible will lead to delayed union, non-union, and eventually

implant failure, if left untreated. In our results of static
loading, we used a cut-off point of one mm of displace-
ment and compared the forces required to reach that
point. We came to the conclusion that on this mechanical
model, a person weighing up to 100 kg can fully weight
bear with a nail from group D without creating exces-
sive motion at the fracture site that is more than one mm.
On the other hand, nails from group E allow excessive
micro-motion, when a person weighs more than 56.1 kg
when the person fully weight bears. As a result, with re-
gard to postoperative instructions, it is mandatory to take
into account the patient’s weight: Until there are signs of
fracture healing, patients are advised to partially weight
bear with a load generally less than 50 kg.

To the best of our knowledge, the present study is the
first to compare six different commercially available in-
tramedullary nails for the treatment of unstable proximal
tibial fractures. Every effort was made to exclude other
mechanical factors and compare only the behavior of the
implants in terms of stability, which is of the utmost im-
portance when it comes to fracture healing. Limitations
of our study include the relatively small number of speci-
mens and testing in only two loading modes.

In the past, intramedullary nailing has been consid-
ered an unsafe method for the treatment of proximal tibial
fractures. We believe that with the flexibility of proximal
screw configuration that recently developed implants of-
fer, intramedullary nailing has become a safe and reason-
able option for these fractures.

The present study showed that the solid stainless
steel nail from Orthofix (Verona, Italy) with two oblique
proximal screws was better in terms of mechanical stabil-
ity, followed by the Expert cannulated titanium nail from
Depuy-Synthes (Oberdorf, Switzerland) with five proxi-
mal screws.
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