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Biomechanical Analysis of Operative Methods
in the Treatment of Extra-Articular Fracture of the
Proximal Tibia
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Background: To determine relative fixation strengths of a single lateral locking plate, a double construct of a locking plate, and a
tibial nail used in treatment of proximal tibial extra-articular fractures.

Methods: Three groups of composite tibial synthetic bones consisting of 5 specimens per group were included: lateral plating (LP)
using a locking compression plate-proximal lateral tibia (LCP-PLT), double plating (DP) using a LCP-PLT and a locking compression
plate-medial proximal tibia, and intramedullary nailing (IN) using an expert tibial nail. To simulate a comminuted fracture model,
a gap osteotomy measuring 1 cm was created 8 cm below the knee joint. For each tibia, a minimal preload of 100 N was applied
before loading to failure. A vertical load was applied at 25 mm/min until tibial failure.

Results: Under axial loading, fixation strength of DP (14,387.3 N; standard deviation [SD], 1,852.1) was 17.5% greater than that
of LP (12,249.3 N; SD, 1,371.6), and 60% less than that of IN (22,879.6 N; SD, 1,578.8; p < 0.001, Kruskal-Wallis test). For ultimate
displacement under axial loading, similar results were observed for LP (5.74 mm; SD, 1.01) and DP (4.45 mm; SD, 0.96), with a
larger displacement for IN (5.84 mm; SD, 0.99). The median stiffness values were 2,308.7 N/mm (range, 2,147.5 to 2,521.4 N/mm;
SD, 165.42) for the LP group, 4,128.2 N/mm (range, 3,028.1 to 4,831.0 N/mm; SD, 832.88) for the DP group, and 5,517.5 N/mm
(range, 3,933.1 to 7,078.2 N/mm:; SD, 1,296.19) for the IN group.

Conclusions: During biomechanical testing of a simulated comminuted proximal tibial fracture model, the DP proved to be stron-
ger than the LP in terms of ultimate strength. IN proved to be the strongest; however, for minimally invasive osteosynthesis, which
may be technically difficult to perform using a nail, the performance of the DP construct may lend credence to the additional use of
a medial locking plate.
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Proximal metaphyseal tibial fractures often occur as a
result of high-energy injuries; treatment of such fractures
remains a significant clinical challenge and is fraught with
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potential complications."” Excellent clinical results have
been achieved with the use of intramedullary nails, which
are the treatment of choice for unstable tibial fractures.”
However, in 58% to 84% of cases, their use has been as-
sociated with malalignment and is more likely to result in
loss of proximal fragment fixation due to deforming forces
created by the extensor mechanism around the knee cou-
pled with significant comminution.™ The popularity of
nailing for treatment of this type of fracture has increased
significantly due to recent design changes to intramedul-

Copyright © 2014 by The Korean Orthopaedic Association
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0)
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Clinics in Orthopedic Surgery ® pISSN 2005-291X  eISSN 2005-4408


http://crossmark.crossref.org/dialog/?doi=10.4055/cios.2014.6.3.312&domain=pdf&date_stamp=2014-08-05

31

)

J

Lee et al. Biomechanical Analysis of Operative Methods for Proximal Tibial Fracture

Clinics in Orthopedic Surgery * Vol. 6, No. 3, 2014 « www.ecios.org

lary nails and adjunctive fixation techniques.”

Along with the development of minimally invasive
plate osteosynthesis, the popularity of locked plating for
treatment of these complex fractures has increased signifi-
cantly because there is no need for large incisions or there
is no fear of soft tissue stripping, which lead to subsequent
failure due to infection and nonunion. As a load sparing
device, a locked plate is inferior to nailing in its ability to
tolerate axial load;” however, it is superior to conventional
plating. In addition, loss of alignment during healing after
lateral locked plating for treatment of this type of injury
has been reported."®

Despite the fact that both nailing and locked plat-
ing are the primary methods employed in minimally
invasive techniques, only few studies reporting on their
biomechanical performance can be found in the literature.
According to our hypothesis, significant differences can
be observed in the degree of stabilization provided by the
different constructs used for treatment of comminuted
fracture of the proximal tibia. The aim of this study was to
compare fixation strengths and failure strengths of a single
lateral locking plate, double locking plates, and an intra-
medullary (IM) nail in a comminuted fracture model of
the proximal tibia.

METHODS

Eighteen synthetic adult-sized left tibial models (Model
3402, Pacific Research Laboratories Inc., Vashon, WA,
USA) were employed for mechanical testing. Each model
was made of a rigid foam cortical shell, which contained
cancellous material in both its distal and proximal ends.
Tibiae measured 40.5 cm in length with an IM canal di-
ameter of 10 mm. The use of synthetic tibiae minimized

variability between specimens and ensured consistency in
specimen size.

Instrumentation

Three types of implants (locking compression plate-
proximal lateral tibia [LCP-PLT, Synthes, Oberdorf, Swit-
zerland], locking compression plate-medial proximal tibia
[LCP-MPT, Synthes], and expert tibial nail [ETN, Syn-
thes]) were used in the study. LCP-MPT was used only as
an additional plate for the double plating (DP) constructs.
For the purpose of comparison, implants of a similar
length were chosen: LCP-PLT, 11 holes (260 mm); ETN,
315 mm with a diameter of 10 mm. An LCP-MPT with 8
holes (178 mm) was chosen.

Lateral plating

Six locking screws (diameter 5.0 mm) ranging in length
from 46 mm to 75 mm were used for proximal condylar
fixation of LCP-PLT. Distal fixation was achieved in screw
holes 5, 7,9, and 11 (1 being the most proximal and 11 be-
ing the most distal) by using 28 mm to 30 mm bicortical
screws.

Double plating

Following lateral plating (LP), additional fixation of the
LCP-MPT was performed on the medial side of the syn-
thetic bone. Three locking screws (diameter 5.0 mm) rang-
ing in length from 30 mm to 55 mm were used for proxi-
mal segment fixation. Distal fixation was achieved in screw
holes 6, 7, and 8 (1 being the most proximal and 8 being the
most distal) by using 28 mm to 30 mm bicortical screws.

Intramedullary nailing
Proximal fixation of the expert tibial nail (315 mm in

Fig. 1. Three types of instruments were
used in the proximal tibia fracture models
with a gap osteotomy measuring 1 cm
(LP. DP. and IN from the left). Typical ex-
perimental set-ups for mechanical testing
are also shown alongside the radiographic
constructs. LP: lateral plating, DP: double
plating, IN: intramedullary nailing.
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length, 10 mm in diameter) was achieved by using a can-
cellous bone locking screw measuring 70 mm in length
and two 5.0-mm interlocking screws (36 mm and 46 mm
long). Two 5.0-mm interlocking screws were used for dis-
tal nail fixation.

Finally, radiological examination of all the tibiae was
performed in order to confirm success of the final implan-
tation.

Set-up

A fracture model simulating a comminuted fracture of the
proximal tibia was developed for biomechanical testing.
A gap osteotomy measuring 1 cm was created 8 cm below
the knee joint, perpendicular to the axis of the tibial shaft
(Fig. 1). Osteotomies were created after the application
of implants to bone. The proximal and distal ends of the
tibiae were then potted in custom made boxes and a metal
alloy was used for fixation. To simulate anatomic posi-
tioning, each potted tibia was placed in a servo-hydraulic
testing machine (MTS Bionix 793 axial compression test-
ing machine; MTS Systems, Eden Prairie, MN, USA) and
held at 90 degrees to the ground using custom fixation
devices. In order to hold the construct securely, each tibia
was potted distally in a reinforced Fiberglass Resin (Bondo,
Atlanta, GA, USA) and proximally in a lead-bismuth alloy.
The use of the mold allowed for even distribution of the
axial force applied during testing (Fig. 1).

Test

One of the six constructs of each of the three types of in-
strumentation was used for cyclic load testing and the other
five constructs were used for load to failure testing. In order
to stabilize the construct, an axial preload of 100 N was ap-
plied proximally and an axial compressive load of 1,000 N
was then applied at a rate of 10 mm/min. By using an MTS
crosshead motion sensor, axial displacements from the

initial position to preload and from preload to maximum
load were recorded continuously. The constructs were
then subjected to axial cyclic loading from 100 N to 1,000
N for 10,000 cycles at 3 Hz.

Loading was continued until failure of the bone-
implant construct occurred, as demonstrated by a marked
decrease in the load versus displacement curve. Failure
was defined as complete medial or lateral collapse or hard-
ware bending or fracture. Maximum compressive load
before failure was recorded for all of the specimens. Con-
struct stiffness was measured at 5,000 N load, because all
of the specimens withstood this load.

Data showed normal distribution, as indicated by
the parametric statistical methods. The three instrumenta-
tion groups were compared. Both ultimate displacement
and load to failure data were analyzed using the Kruskal-
Wallis test.

RESULTS

The results demonstrated that all of the specimens with-
stood cyclic loading up to 1,000 N for 10,000 cycles. Gross
failure of constructs was not observed during cyclic test-
ing.

Mode of Failure

Cracks were observed at the bone-proximal locking
screw interface (nearest to the gap) in four of the five LP
constructs, and one LP construct showed plate bending
at the osteotomy gap. Cracks were observed at the bone-
proximal locking screw interface (nearest to the gap) in all
of the five DP constructs; four of the five DP constructs
showed bending of plates at the osteotomy gap. All of
the intramedullary nailing (IN) constructs demonstrated
bending of interlocking screws at the proximal and distal
segments; however, failure at the bone-metal interface or

Fig. 2. Failures after axial load testing for
all constructs and resulting radiographs.
Development of bone cracks at the bone-
proximal locking screw interface was
observed in four of the five LP constructs.
Bone cracks were observed at the bone-
proximal locking screw interface in all five
DP constructs, and four of them showed
bending of plates at the osteotomy gap.
Failure at interlocking screws, without
bending of the nail was observed in all IN
constructs. LP: lateral plating, DP: double
plating, IN: intramedullary nailing.
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bending of nail was not observed (Fig. 2).

Load to Failure

Results for ultimate displacement under axial loading
were similar in the LP (5.74 mm; standard deviation [SD],
1.01), DP (4.45 mm; SD, 0.96), and IN groups (5.84 mm;
SD, 0.99; p = 0.35, Kruskal-Wallis test). Compared to the
LP construct (12,249.3 N; range, 10,959.6 to 13,877.5 N),
the average load to failure for the DP construct (14,387.3
N; range, 13,273.8 to 17,157.3 N) was 17.5% greater under
axial loading, and 60% less when compared with that of
the IN construct (22,879.6 N; range, 20,692.1 to 24,337.4 N;
p < 0.001, Kruskal-Wallis test) (Fig. 3). Data on ultimate

25,000 22,879.6 N
=
20,000
14,387.3N
Z 15,000 12,249.3N
©
8
— 10,000
5,000
0 T T 1
LP DP IN

Fig. 3. Comparison of axial load to failure for all construct groups. The
intramedullary nailing (IN) was found to be the strongest construct. In
terms of axial loading, the average load to failure of the double plating
(DP) construct was 17.5% greater than that of the lateral plating (LP)
construct (o < 0.001).

displacement and load to failure are shown in Table 1.

Stiffness

The median stiffness values were 2,308.7 N/mm (range,
2,147.5 to 2,521.4 N/mm; SD, 165.42) for the LP group,
4,128.2 N/mm (range, 3,028.1 to 4,831.0 N/mm; SD,
832.88) for the DP group, and 5,517.5 N/mm (range,
3,933.1 to 7,078.2 N/mm; SD, 1,296.19) for the IN group.

DISCUSSION

Treatment of extra-articular proximal tibial fractures is
challenging, and it is associated with higher rates of com-
plications when compared with treatment of diaphyseal
tibial fractures.” Most of these fractures result from high
energy, direct trauma that causes extensive injury to the
soft tissue and bone; therefore, it is desirable to limit
the extent of direct open exposure. A high incidence of
wound breakdown, infection, and fixation failure has
been observed in association with conventional plating
of the proximal tibia. To prevent these complications, ir-
respective of whether an IM nail or a locking plate is used,
employment of minimally invasive techniques has been
advocated. However, only few studies comparing the bio-
mechanical properties of the IM nail versus the locking
plate for treatment of a comminuted fracture of the proxi-
mal tibia have been published.

With respect to the concepts of minimally invasive
surgery and enhanced fracture healing, IM nail is an ideal
load sharing implant, and its bending stiffness is superior
to that of the locking plate.” In addition, after recent im-

Table 1. Displacement and Maximum Load to Failure Data of Specimens Fitted with LP, DP, and IN Constructs

Ultimate displacement (mm)

Load to failure (N)

Test
LP DP IN LP DP IN

1 6.22 5.87 7.31 12,871.71 17,157.25 23,632.29
2 5.51 3.45 6.10 13,877.46 14,662.28 20,692.07
3 5.21 492 485 11,035.67 13,273.79 21,356.22
4 7.19 389 5.01 10,959.59 13,612.44 24,337.35
5 4.56 41 593 12,496.11 13,230.53 24,380.15
Mean 5.74 4.45 5.84 12,249.30 14,387.30 22,879.60
SD 1.01 0.96 0.99 1.371.60 1,852.10 1,578.80
p-value 0.35 <0.001

Statistical analysis was performed by the Kruskal-Wallis test.

LP: lateral plating, DP: double plating, IN: intramedullary nailing, SD: standard deviation.
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provements in oblique interlocking screws used in treat-
ment of fractures of the proximal metaphysis,™” stability
of modern tibial nails is greater than that of old nails with
two transverse interlocking screws. In accordance with
this concept, we used the nail with three locking screws in
the current study. The IN construct was found to be sig-
nificantly stiffer than the DP or LP constructs of locking
plates; therefore, from the biomechanical viewpoint, IN
may be the ideal option for treating extra-articular proxi-
mal tibial fractures. However, for nailing, fractures with
a short proximal end segment present a challenge, and a
higher incidence of malreduction resulting in nonunion
has been reported, compared with locked plating.” In the
current study, the implant was fixed prior to creation of
the osteotomy simulating the fracture; therefore, the is-
sue of malalignment related to primary reduction was not
addressed. However, this study was purely a laboratory
investigation performed in the absence of soft tissues sur-
rounding the bone, which may not be observed frequently
in clinical practice. Therefore, from the clinical point of
view, malreduction after IN should not be overlooked,
although several technical tips may help to reduce the oc-
currence of this complication in patients with proximal
tibial fractures.*'”

Early motion and weight-bearing are helpful for
rehabilitation; therefore, maintaining the reduction of
proximal tibial fractures is important. Loss of initial reduc-
tion with IN is observed significantly less often nowadays,
and its incidence has been reported to be 0% in several
studies.*” However, due to its lesser ability to tolerate axial
load, loss of reduction after LP is not uncommon during
the healing period.*"'"¥ Many surgeons prefer to delay
weight-bearing for a few months in patients treated with
LP. In the DP construct used in this study, we added the
medial locked plate, which appeared to be stiffer than the
conventional plate used in another study. Use of the ad-
ditional medial plate resulted in significantly enhanced
stability of DP by approximately 17.5%; therefore, the DP
construct with a locked plate may be ideal for use in treat-
ment of fractures of the proximal tibia that need plating.

During treatment of bicondylar fractures of the
proximal tibia, no differences were observed in the stift-
ness of the dual plating construct when compared to that
of the lateral fixed angle plate."*"” However, in this study

that used the extra-articular model, the DP construct
showed significantly greater stiffness when compared that
in the study by LP. Peindl et al.,'” which reported a similar
result of greater stiffness of DP when compared to that of
the lateral single plate or external fixator constructs, even
with relatively short plates. DP was found to be the least
soft tissue-friendly method when used during an open ap-
proach; therefore, they concluded that it was not advisable
to use DP in clinical situations. However, minimally inva-
sive plate osteosynthesis (MIPO) on the medial side is also
gaining in popularity,” and from both the biomechanical
and biological viewpoints, we assume that DP with a mini-
mally invasive technique can be successful.

Although there are multiple loading forces on the
knee joint, including bending, torsional, axial, and shear
load, only axial loads were applied in the current study,
which is a limitation of this study. However, axial load is
the most important and it causes fixation failure in a clini-
cal situation,'” since main forces during gait are applied in
the axial direction."”

Another limitation of this study is that the human
cadaveric bone, an ideal test material, was not used. The
synthetic bone does not have soft tissue attachment of
tendons or muscles, which are known to be cause malre-
duction. However, synthetic tibiae offer several advantages
over cadaveric tibiae. Composite tibiae provide standard
dimensions and properties of specimens; thus, the implan-
tation techniques were reproducible and implants of the
same size were used.”” The modulus of elasticity of com-
posite bones is similar to that of native bones. In addition,
there were no variations in the dimensions, age, and bone
density of cadaveric specimens.

In summary, the IM nail was found to be the most
stable implant for use in treatment of comminuted extra-
articular fractures of the proximal tibia. However, when
it is difficult to achieve satisfactory reduction by nailing,
dual locked plates may be a stronger implant for use in
MIPO when compared to lateral locked plating, which is
currently being used.
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