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Far Cortical Locking Can Reduce Stiffness of Locked
Plating Constructs While Retaining
Construct Strength

By Michael Bottlang, PhD, Josef Doornink, MS, Daniel C. Fitzpatrick, MD, and Steven M. Madey, MD

Investigation performed at Legacy Biomechanics Laboratory, Portland, Oregon

Background: Several strategies to reduce construct stiffness have been proposed to promote secondary bone healing
following fracture fixation with locked bridge plating constructs. However, stiffness reduction is typically gained at the cost
of construct strength. In the present study, we tested whether a novel strategy for stiffness reduction, termed far cortical
locking, can significantly reduce the stiffness of a locked plating construct while retaining its strength.

Methods: Locked plating constructs and far cortical locking constructs were tested in a diaphyseal bridge plating model
of the non-osteoporotic femoral diaphysis to determine construct stiffness in axial compression, torsion, and bending.
Subsequently, constructs were dynamically loaded until failure in each loading mode to determine construct strength and
failure modes. Finally, failure tests were repeated in a validated model of the osteoporotic femoral diaphysis to determine
construct strength and failure modes in a worst-case scenario of bridge plating in osteoporotic bone.

Results: Compared with the locked plating constructs, the initial stiffness of far cortical locking constructs was 88%
lower in axial compression (p < 0.001), 58% lower in torsion (p < 0.001), and 29% lower in bending (p < 0.001). Compared
with the locked plating constructs, the strength of far cortical locking constructs was 7% lower (p = 0.005) and 16% lower
(p < 0.001) under axial compression in the non-osteoporotic and osteoporotic diaphysis, respectively. However, far
cortical locking constructs were 54% stronger (p < 0.001) and 9% stronger (p = 0.04) under torsion and 21% stronger (p <
0.001) and 20% stronger (p = 0.02) under bending than locked plating constructs in the non-osteoporotic and osteoporotic
diaphysis, respectively. Within the initial stiffness range, far cortical locking constructs generated nearly parallel
interfragmentary motion. Locked plating constructs generated significantly less motion at the near cortex adjacent to the
plate than at the far cortex (p < 0.01).

Conclusions: Far cortical locking significantly reduces the axial stiffness of a locked plating construct. This gain in
flexibility causes only a modest reduction in axial strength and increased torsional and bending strength.

Clinical Relevance: Far cortical locking may provide a novel bridge plating strategy to enhance interfragmentary motion
for the promotion of secondary bone healing while retaining sufficient construct strength.

minant of fracture-site motion and thereby affects the

mechanism and progression by which a fracture heals'.
Traditionally, conventional compression plates have been used
to promote primary bone healing by delivering absolute stability
at the fracture site’. The introduction of locking plates has im-
proved the fixation strength of plate constructs, expanding their
indications to bridge plating of comminuted fractures™. Fur-
thermore, locking plates allow for the use of biological fixation

The stiffness of a fixation construct is a principal deter-

techniques that emphasize preservation of blood supply and
functional reduction over anatomic reduction and interfrag-
mentary compression. However, in the absence of anatomic
reduction and interfragmentary compression, locked plating
constructs rely on secondary bone healing®. Secondary bone
healing is induced by interfragmentary motion in the millimeter
range"®” and can be enhanced by passive or active dynamiza-
tion'*". Clinically, secondary bone healing is expected to occur
in association with the use of external fixators and intramed-
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a: lllustration depicting the far cortical locking screw for unicortical fixation in the far cortex, enabling elastic

flexion of the screw shaft within the motion envelope (Ad) in the near cortex. b: Mechanically, the far cortical
locking (FCL) construct functions as an internal fixator that derives axial flexibility by cantilever bending of the
far cortical locking screw shafts similar to an external fixator that derives elasticity from fixation pin flexion. c: A
staggered and converging far cortical locking screw arrangement was implemented to improve construct

strength in torsion.

ullary nails. While locked plating constructs have been termed
internal fixators", they can be severalfold stiffer than external
fixators". Furthermore, they can be as stiff as conventional
plating constructs” designed to induce primary bone healing,
which requires interfragmentary motion to remain <0.15 mm'.
The relatively high stiffness of locked constructs may therefore
suppress interfragmentary motion to a level insufficient for
optimal promotion of secondary bone healing®'”"®. This the-
oretical concern is supported by early case studies on locked

plating that have described deficient callus formation, delayed
union, and nonunion with late hardware failure™**.

On the basis of these theoretical and clinically emerging
concerns, several strategies to decrease the stiffness of locked
plating constructs have been investigated”*’. These strategies
include decreasing the plate thickness, increasing the plate
elevation, and increasing the plate span. While these strategies
are effective for reducing the stiffness of locked plating con-
structs to varying degrees, they also reduce their strength.
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a, b, and c: Construct stiffness and strength were evaluated under three loading conditions: axial compression (a),
torsion (b), and four-point bending in a gap-closing direction (c). Motion-tracking sensors (S) captured subsidence
(ds). d: A progressive dynamic loading protocol was used to ensure that construct failure was attained for each
construct and loading mode within a reasonable number of load cycles (<10,000 cycles). After application of a static
pre-load (Lpre), dynamic loading (Lpyn) Was applied and was increased until constructs failed at peak load Lyax-
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TABLE | Stiffness and Strength of Locked Plating and Far Cortical Locking Constructs

Locked Plating*

Far Cortical Locking*+ P Value¥

Stiffness (strong bone)

Axial stiffness (kN/mm) 2.9+ 0.13

Torsional rigidity (Nm2/deg) 0.40 + 0.03

Bending rigidity (Nm?) 82.9 +£ 1.96
Strength (strong bone)

Axial (kN) 59+0.2

Torsion (Nm) 198+ 1.1

Bending (Nm) 75.0 £ 3.1
Strength (osteoporotic bone)

Axial (kN) 4.4 +0.1

Torsion (Nm) 19.6 + 1.0

Bending (Nm) 30.4+3.4

0.36 + 0.05/2.26 + 0.08
0.17 + 0.04/0.32 + 0.01
59.0 £ 1.3/68.1 + 3.3

<0.001/<0.001
<0.001/<0.001
<0.001/<0.001

55+0.2 0.005
304 +1.5 <0.001
90.8 £ 5.0 <0.001

3.7+0.2 <0.001
21.3+1.1 0.036
36.5+ 3.2 0.02

*N = 5 for each testing group. The values are given as the mean and the standard deviation. tThe stiffness data are given as the initial value
followed by the secondary value. ¥The first p value pertains to the comparison between the initial far cortical locking value and the locked plating
value, and the second p value pertains to the comparison between the secondary far cortical locking value and the locked plating value.

The present study investigated a novel strategy, termed
far cortical locking, designed to reduce the stiffness of locked
plating constructs while retaining construct strength. In far
cortical locking, locking screws with a reduced midshaft di-
ameter provide unicortical fixation in the far cortex of the
diaphysis without being rigidly fixed in the near cortex un-
derlying the plate. The middle part of the screw shaft decreases
the stiffness of the plating construct by acting as an elastic
cantilever beam, similar to a half-pin of an external fixator.

The present study tested the hypothesis that far cortical
locking can significantly reduce the stiffness of a locked plating
construct while retaining its strength. Such a less-stiff yet strong
far cortical locking construct potentially could enhance second-
ary bone healing by promoting early interfragmentary motion.

Materials and Methods

ocked plating constructs and far cortical locking constructs

were tested in a diaphyseal bridge plating configuration
under axial compression, torsion, and bending. First, the stift-
ness of locked plating and far cortical locking constructs was
determined for each principal loading mode in surrogates
of the non-osteoporotic femoral diaphysis. Subsequently, con-
structs were tested to failure in each loading mode to deter-
mine their strength and failure modes. Finally, failure tests
were repeated in a validated model of the osteoporotic femoral
diaphysis to determine construct strength and failure modes in
a worst-case scenario of bridge plating in osteoporotic bone.

Implants

Generic locked plating and far cortical locking implants were
designed to resemble standard broad 4.5-mm locking plates
and screws. Plates were 17.5 mm wide and 200 mm long and
had eleven holes with a space of 18 mm between holes.
Locking screws had a 4.5-mm-diameter bone thread with

1-mm pitch and a four-fluted self-tapping feature. Far cortical
locking screws for unicortical fixation in the far cortex had a
smooth screw shaft with a 3.2-mm diameter to bypass the near
cortex, allowing for elastic cantilever bending of the screw shaft
within a controlled motion envelope in the near cortex (Fig. 1,
a). Analogous to external fixator pins, this feature enabled far
cortical locking constructs to derive a low stiffness by elastic
bending of screw shafts (Fig. 1, b). Under elevated axial loading
of the far cortical locking construct, contact between the screw
shaft and the near cortex provided additional support and
prevented far cortical locking screw shaft bending beyond the
elastic range. To compensate for the lower bending strength of
far cortical locking screws caused by the shaft diameter re-
duction, far cortical locking screws were arranged in a stag-
gered 9° converging pattern (Fig. 1, ¢). All other dimensions of
the far cortical locking implants were identical to those of the
locked plating implants. Implants were custom manufactured
from surgical grade titanium alloy (Ti-6Al-4V) by a com-
pany specializing in the production of orthopaedic implants
(Thortex, Portland, Oregon). Locked plating and far cortical
locking constructs were evaluated in a standard bridge plating
configuration in femoral diaphysis surrogates with a 10-mm
fracture gap. Plates were applied with three screws, which were
placed in the first, third, and fifth holes from the fracture site.
All screws were tightened to 4 Nm with the plate at 1 mm of
elevation from the surrogate surface with use of temporary
spacers to simulate biological fixation with preservation of
periosteal perfusion®. One hole was left empty over the fracture
gap, yielding a plate span of 36 mm that was bridging the gap.

Specimens

Implants were evaluated in surrogate specimens of the femoral
diaphysis to minimize interspecimen variability. For implant
evaluation in non-osteoporotic bone, cylindrical bone surro-
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Stiffness comparison between locked plating (LP) and far cortical locking (FCL) constructs. a: Far cortical locking
constructs exhibited a biphasic stiffness profile. In axial loading, far cortical locking constructs had a low initial
stiffness within the near cortex motion envelope that allowed for approximately 0.8 mm of axial motion before
reaching the secondary stiffness due to near-cortex support. b: At 200 N of loading, the initial stiffness of far

cortical locking constructs induced comparable amounts of interfragmentary motion at the near and the far

cortex. This fracture-site motion was one order of magnitude greater than that in locked plating constructs. The
cross-sectional view of a far cortical locking construct at the bottom of the figure illustrates elastic deformation of
far cortical locking screws and the resulting parallel interfragmentary motion.

gates with a diameter of 27 mm and a wall thickness of 7 mm
were manufactured with the same material and dimensions as
the diaphysis of the validated medium-size fourth-generation
composite Sawbones femur (#3403; Pacific Research Labora-
tories, Vashon, Washington)™. For the evaluation of implants
in weak bone, a validated model of the osteoporotic femoral
diaphysis was used”. This model consisted of a 27-mm-
diameter and 2-mm-thick cortex made of reinforced epoxy
and a trabecular core machined from 10 pcf (0.16 g/cm’) solid
rigid polyurethane foam (Pacific Research Laboratories). Pre-
vious research demonstrated that five structural properties of
this bone surrogate (torsional rigidity and strength, bending
rigidity and strength, and screw pull-out strength) matched the
lower 16% of the cumulative range reported for cadaver fem-
ora®. Therefore, this osteoporotic bone surrogate reflected the
diminished structural properties seen in osteoporotic femora.

Loading

Locked plating and far cortical locking constructs were tested in
axial compression, torsion, and bending with a biaxial materials
testing system (Instron 8874; Instron, Canton, Massachusetts)
(Fig. 2). Both constructs were tested to failure under each
loading mode in five non-osteoporotic and five osteoporotic
bone specimens, requiring a total of sixty test specimens. Axial

compression was applied through a spherical bearing proxi-
mally while the distal end of the specimen was rigidly mounted
to the load cell to replicate the axial loading configurations in
previous studies (Fig. 2, a)'**. Torsion was applied around the
diaphyseal shaft axis (Fig. 2, b). Bending was applied under
four-point bending to generate a constant bending moment
over the entire plate length (Fig. 2, ¢). The upper and lower
cylindrical supports were separated by 290 and 400 mm, re-
spectively. The plate was located on the tension side to induce
bending in a gap-closing mode.

First, construct stiffness in non-osteoporotic bone surro-
gates was assessed under axial compression, torsion, and bending
by loading to 1 kN, 10 Nm, and 10 Nm, respectively. In addition
to actuator displacement, interfragmentary motion under axial
compression was recorded at the near and far cortices with
use of two digital calipers with 0.01-mm resolution. Subse-
quently, construct strength was determined by progressive dy-
namic loading to failure (Fig. 2, d)***. After the application of a
static preload (Lprg), sinusoidal loading with a load amplitude
of Lpyx was applied at 2 Hz. Every 100 loading cycles, this load
amplitude was increased stepwise by Lpyx until construct failure
occurred. For axial compression, torsion, and bending, preloads
(Lprg) of 50 N, 1 Nm, and 1 Nm and stepwise load amplitudes
(Lpyn) of 100 N, 1 Nm, and 1 Nm were selected, respectively.
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The initial stiffness of far cortical locking (FCL) constructs was 88% lower in axial compression (a), 58% lower in torsion (b), and 29%
lower in bending (c) compared with locked plating (LP) constructs. At elevated loading, the far cortical locking construct stiffness
increased to within 22%, 20%, and 18% of the locked plating construct stiffness in compression, torsion, and bending, respectively.

*Significant (p < 0.001).

This stepwise load increase enabled dynamic loading to failure
while ensuring that failure was attained for each construct
within a reasonable number of load cycles (<10,000).
Construct failure was defined either by catastrophic frac-
ture or by a subsidence threshold at the fracture site, whichever
occurred first’™®”. Subsidence (ds) represents the nonrecoverable
collapse at the fracture site after load removal and is caused
by implant bending or implant loosening. A dg threshold of
1 mm in compression, 5° in torsion”, and 1 mm in bending was
deemed indicative of the onset of construct failure in the ab-
sence of a catastrophic fracture. Subsidence by 5° nominally
correlated with a 1-mm shear displacement between cortices at
the fracture site. Subsidence was assessed with two miniature
electromagnetic motion sensors (pcBIRD; Ascension Technol-
ogy, Burlington, Vermont). The sensors were centered in the
medullary canal at each side of the fracture gap and recorded the
motion of the bone ends at the fracture site in six degrees of
freedom with a resolution of 0.1 mm and 0.1° after filtering of
raw data acquired at a 100-Hz sampling rate. To eliminate errors
in electromagnetic motion sensing due to interference from
ferromagnetic objects, all testing components in the vicinity of
the test specimen were machined from nonmagnetic materials.

Outcome Evaluation

The performance of the locked plating and far cortical locking
constructs was described by their axial, torsional, and bending
stiffnesses, failure strengths, and failure mechanisms. Construct
stiffness was calculated from load-displacement data. Axial stiff-
ness was calculated by dividing the axial load amplitude by the
actuator displacement amplitude. Torsional stiffness was cal-
culated by dividing the torsion amplitude by the amplitude
of actuator rotation (o) around the diaphyseal axis. Torsional

stiffness was multiplied by the unsupported specimen length to
derive torsional rigidity. Bending stiffness was expressed in terms
of flexural rigidity as EI = Fa® (31 -4a)/12y, where F is the total
applied force, [ is the distance between the lower supports (400
mm), a is the distance between the lower and upper supports
(55 mm), and y is the displacement of the upper supports.
Failure strength was defined as the peak load (Lyax) during
progressive dynamic loading to failure under each loading mode.
Failure modes were visually analyzed for the presence of hard-
ware failure, fixation failure, and bone fracture.

For statistical analysis, the stiffness and strength results
were compared between the far cortical locking and locked
plating groups individually for each loading mode. For axial
compression, interfragmentary motion results at the near and
far cortices were also compared. Two-tailed, unpaired Student
t tests at a level of significance of a = 0.05 were used to detect
significant differences.

Source of Funding

Financial support for salaries and supplies for the present
study was provided by the National Institutes of Health (NIH/
NIAMS grant R21 AR053611).

Results
Construct Stiffness (Table I)
he locked plating construct had a nominally constant
stiffness over the elastic loading range, whereas the far
cortical locking construct exhibited a biphasic stiffness profile
with an initial stiffness and a secondary stiffness (Fig. 3, a). The
initial stiffness of the far cortical locking construct increased to
a higher secondary stiffness for axial loading above 400 N.
Axial loading above 400 N induced near-cortex contact of the
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In the non-osteoporotic diaphysis, the strength of the far cortical locking (FCL) constructs in axial compression
(a) was 7% less than that of locked plating (LP) constructs. In torsion (b) and bending (c), far cortical locking
constructs were 54% and 21% stronger than locked plating constructs, respectively. In axial compression,
both constructs failed as a result of fracture of the diaphysis through the screw hole at the plate end. In

torsion, far cortical locking constructs failed as a result of subsidence due to screw shaft bending whereas
locked plating constructs failed as a result of screw breakage between the plate and the bone. In bending,
both constructs failed as a result of fracture through the screw hole at the plate end. *Significant (p < 0.005).

far cortical locking screw shaft and provided the additional
structural support responsible for the increased secondary stiff-
ness. Within the initial stiffness range of the far cortical locking
constructs, 200 N of axial loading induced nearly parallel
motion at the fracture site, with similar displacement magni-
tudes at the near cortex (0.51 + 0.08 mm) and the far cortex
(0.59 £ 0.10 mm) (p = 0.24) (Fig. 3, b). In the locked plating
constructs, the corresponding motion was significantly smaller
at the near cortex (0.02 = 0.01 mm) than at the far cortex (0.05 +
0.02 mm) (p < 0.01).

In axial compression, the initial stiffness of the far cortical
locking construct was 88% lower than that of the locked plating
construct (0.36 + 0.05 compared with 2.94 + 0.13 kN/mm; p <
0.001) (Fig. 4, a). For axial loads of >400 N, the secondary
stiffness of the far cortical locking construct was 2.26 *+ 0.08
kN/mm and remained 22% below that of the locked plating
construct (p < 0.001). In torsion, the initial torsional rigidity of
the far cortical locking construct was 58% lower than the
torsional rigidity of the locked plating construct (0.17 £+ 0.04
compared with 0.40 + 0.03 Nm®/deg; p < 0.001) (Fig. 4, b). For
torsion of >1 Nm, the secondary rigidity of the far cortical
locking construct increased to 0.32 £ 0.01 Nm*/deg and re-
mained 20% below that of the locked plating construct (p <
0.001). In bending, the initial bending rigidity of the far cor-
tical locking construct was 29% lower than the bending ri-

gidity of the locked plating construct (59.0 + 1.3 compared
with 82.9 £ 2.0 Nm’; p < 0.001) (Fig. 4, ¢). For bending mo-
ments of >1 Nm, the secondary rigidity of far cortical locking
constructs increased to 68.1 + 3.3 Nm® and remained 18%
below that of the locked plating construct (p < 0.001).

Construct Strength in the Non-Osteoporotic Diaphysis (Table I)
In axial compression, the far cortical locking construct was
6.8% weaker than the locked plating construct (p = 0.005) (Fig.
5, a). Both constructs failed as a result of fracture of the di-
aphysis through the screw hole at the plate end. After fracture,
far cortical locking constructs showed screw bending in three
specimens and screw breakage and plate bending in two spec-
imens. Locked plating constructs showed no hardware failure
in two specimens and screw bending and plate bending in
three specimens. In torsion, the far cortical locking construct
was 54% stronger than the locked plating construct (p < 0.001)
(Fig. 5, b). Far cortical locking constructs failed as a result of
subsidence due to screw shaft bending. Locked plating con-
structs failed as a result of screw breakage between the elevated
plate and the bone due to repetitive screw bending during
cyclic torsion. In bending, the far cortical locking construct
was 21% stronger than the locked plating construct (p < 0.001)
(Fig. 5, ¢). Both constructs failed as a result of fracture through
the screw hole at the plate end. After fracture, all locked plating
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In the osteoporotic diaphysis, the strength of far cortical locking (FCL) constructs in axial compression (a) was
16% less than that of locked plating (LP) constructs. In torsion (b) and bending (c), far cortical locking
constructs were 9% and 20% stronger than locked plating constructs, respectively. In axial compression, both
constructs failed as a result of subsidence due to screw bending and migration in the near cortex. In torsion,
far cortical locking constructs failed as a result of subsidence due to screw shaft bending and locked plating
constructs failed as a result of screw breakage between the plate and the bone. In bending, both constructs
failed as a result of fracture through the screw hole at the plate end. *Significant (p < 0.05).

specimens and four of five far cortical locking specimens
showed plate bending.

Construct Strength in the Osteoporotic Diaphysis (Table I)
In axial compression, the far cortical locking construct was 16%
weaker than the locked plating construct (p < 0.001) (Fig. 6, a).
Both constructs failed as a result of subsidence due to screw
bending and migration in the near cortex. In torsion, the far
cortical locking construct was 9% stronger than the locked
plating construct (p = 0.036) (Fig. 6, b). Far cortical locking
constructs failed as a result of subsidence due to screw shaft
bending. Locked plating constructs failed as a result of screw
breakage between the elevated plate and the bone. In bending,
the far cortical locking construct was 20% stronger than the
locked plating construct (p = 0.02) (Fig. 6, ¢). Both constructs
failed as a result of fracture through the screw hole at the plate
end in the absence of hardware bending or breakage.

Discussion
he results of the present study support the hypothesis that
far cortical locking can significantly reduce the stiffness of
a locked plating construct while retaining its strength. Stiffness
reduction was most pronounced under axial loading. The axial
stiffness of the locked plating construct (2.9 kN/mm) was
comparable with that reported for broad 4.5-mm conventional

plating constructs (2.6 to 3.2 kN/mm) and locked plating
constructs (2.1 to 2.7 kN/mm) tested under similar loading
conditions and bridge plating configurations®. In contrast, the
initial axial stiffness of the far cortical locking construct was
0.36 kN/mm, 88% lower than that of the locked plating con-
struct and comparable with that of an external monolateral
fixator, reported to be in the range of 0.05 to 0.4 kN/mm™*.

The stiffness reduction provided by far cortical locking
may be desirable for bridge plating osteosynthesis, which relies
on secondary, not primary, bone healing®”. Secondary bone
healing requires flexible fixation” and relative stability™ to enable
interfragmentary motion to stimulate callus formation. While
locked plating constructs have been referred to as “internal
fixators,” the screw lengths for locked plates are ten to fifteen
times shorter than external fixator pins, greatly increasing
construct rigidity’. Therefore, locking plates are believed to act
as extremely rigid internal fixators that could cause nonunions
because of their high stiffness and close proximity to the
bone®”". This theoretical concern has been supported by
in vivo studies documenting improved fracture-healing with
less rigid fixators™ and plates™ and by a recent systematic
review of twenty-nine case series of supracondylar femoral
fractures that demonstrated a 3.5-fold increase in the rate of
nonunions associated with locking plates (5.3%) as compared
with intramedullary nailing (1.5%).
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The stiffness of locked plating constructs may be reduced
by increasing the plate span or by plate elevation***. However,
the reported efficacy in terms of stiffness reduction is incon-
sistent and is gained at the cost of construct strength. Stoffel
et al. reported that increasing the plate span by omitting one
screw hole on either side of the fracture made a locked plating
construct (4.5 mm titanium LCP; Synthes, Paoli, Pennsylvania)
almost twice as flexible in both compression and torsion but
also led to a 33% reduction in strength under axial compres-
sion”. In contrast, Field et al. reported that omitting two
screws proximal and distal to the fracture had no significant
effect on either bending or torsional stiffness of a conventional
plate construct (4.5 mm DCP; Synthes) in a comparable bridge
plating configuration”. Alternatively, increasing the plate ele-
vation from 2 to 6 mm has been reported to yield a 10% to
15% decrease in both axial and torsional rigidity”. However, 5
mm of plate elevation decreased construct strength in axial
compression by 63%?".

The far cortical locking construct achieved flexible fixa-
tion through elastic cantilever bending of the far cortical locking
screw shaft, similar to external fixators that derive flexibility
from elastic deformation of fixation pins. With elevated loading,
the far cortical locking shaft contacted the near cortex, pro-
viding a sixfold increase in construct stiffness for progressive
stabilization of the fracture site. This biphasic stiffness profile
resembles the nonlinear behavior of Ilizarov fixators that be-
come progressively stiffer for increasing loads. Caja et al. re-
ported an axial stiffness of approximately 0.05 kN/mm for
Ilizarov fixators at loads of <200 N that increased to >0.14 kN/
mm for loads of >800 N*. The benefit of a low initial stiffness
has been supported by the clinical success of the Ilizarov
method"’ and by the original work by Goodship and Kenwright’.
Those investigators found that a decrease in fixation stiffness
from 0.7 to 0.5 kN/mm caused a significant increase in the rate
of fracture-healing in a sheep model.

Low initial stiffness allows fracture-site motion in the
early postoperative phase under reduced weight-bearing con-
ditions". In this low-stiffness range, the far cortical locking
construct delivered similar axial motion at the near and far
cortices of the fracture gap. Assuming that 200-N loading is
representative of toe-touch weight-bearing recommended for
the immediate postoperative period®, the far cortical locking
construct delivered interfragmentary motion of between 0.51
mm (near cortex) and 0.59 mm (far cortex). The amount of
interfragmentary motion attainable under the initial far cor-
tical locking stiffness was limited to approximately 0.8 mm by
the near-cortex motion envelope and was within the 0.2 to 1-mm
stimulus range of axial interfragmentary motion established
for the promotion of secondary bone healing"*'**.

In torsion and bending, the stiffness reduction of the far
cortical locking construct relative to the locked plating con-
struct was less pronounced than in axial compression. Nev-
ertheless, the 20% lower torsional rigidity of the far cortical
locking construct will increase shear displacement at the
fracture site. The effect of interfragmentary shear on fracture-
healing remains controversial. Augat et al. found that large
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shear movements of 1.5 mm delayed healing relative to axial
movement of the same magnitude in a 3-mm osteotomy gap*’.
Others found that torsion-induced shear movement stimu-
lated callus formation and improved strength as compared
with rigid fixation**.

The present study also investigated the strength of far
cortical locking constructs relative to locked plating constructs
in both non-osteoporotic and osteoporotic bone as fixation
strength and failure modes are highly affected by bone qual-
ity”. Under axial compression, the far cortical locking con-
struct was weaker than the locked plating construct in both the
non-osteoporotic and the osteoporotic diaphysis. However, the
axial strength of the far cortical locking construct in osteo-
porotic bone (3.7 kN) remained above the strength reported
for broad 4.5-mm periarticular nonlocked plates (1.9 kN) and
locked plates (2.6 kN) tested in human cadaver femora under
comparable loading conditions".

In torsion, the far cortical locking construct was stronger
than the locked plating construct in both the non-osteoporotic
and the osteoporotic diaphysis. In the locked plating construct,
torsion-induced toggle of the elevated plate around its plane of
fixation resulted in fatigue fracture of the screw shaft between
the plate and bone at 19.8 + 1.1 Nm. This failure mode cor-
related with the findings of a previous study in which locking
plates applied to synthetic femora at 1 mm of elevation failed
in torsion as a result of screw breakage at approximately 20
Nm". This failure mode was prevented in far cortical locking
constructs by multiplanar fixation with a staggered far cortical
locking screw arrangement. However, the present findings are
limited to locked plating with plate elevation. Locked plating
without plate elevation can improve torsional construct strength*®
but may also adversely affect periosteal perfusion and biolog-
ical fixation targeted with locked plating.

In bending, far cortical locking and locked plating con-
structs failed by fracture at the plate end, whereby far cortical
locking constructs tolerated a higher load to failure in both the
non-osteoporotic and the osteoporotic diaphysis. The superior
bending strength of far cortical locking constructs relative to
locked plating constructs is likely due to improved load dis-
tribution by elastic far cortical locking screw fixation that
can reduce stress concentrations and subsequent fracture at
the plate end. Fracture at the plate end is a well-recognized
complication associated with conventional plate fixation in
osteoporotic bone with an incidence rate of 1% to 3%**. In
bending tests of plate constructs applied to the cadaveric tibial
diaphysis, all constructs failed as a result of a transverse frac-
ture at the end screw’’. A recent case series on locked plating
demonstrated a 2.6% incidence rate of fractures at the plate
end™. The results of the present study suggest that far cortical
locking could theoretically reduce this fracture risk in addition
to providing less-rigid internal fixation to promote secondary
bone healing.

The results of the present study are limited to the use of
surrogate specimens. Validated synthetic bone models were
employed to extract relative differences between constructs
under highly reproducible test conditions®*. Given the large
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deviation in structural properties of cadaver specimens and the
considerable number of experimental variables under investi-
gation, this comprehensive evaluation benefited from the use
of reproducible surrogates.

Far cortical locking performance was evaluated in the
femoral diaphysis, which accommodated far cortical locking
screws of sufficient length to achieve the desired stiffness
reduction while retaining sufficient strength. Scaling the far
cortical locking concept to smaller-diameter bones may re-
quire a reduction of the far cortical locking screw diameter that
could severely compromise screw strength.

The results represent the performance of implants made
of titanium alloy. The use of stainless steel implants would
likely increase the stiffness of locked plating and far cortical
locking constructs because of the higher elastic modulus of
stainless steel as compared with titanium.

Stiffness and strength results were investigated individ-
ually for the principal forces that a fracture construct might
experience, namely, axial loading, torsion, and bending. This
approach was vital to develop a comprehensive understanding
of the relative benefits and weaknesses of far cortical locking
constructs under specific loading modes. In clinical applica-
tions, fracture constructs are loaded with some combination of
these forces, making the true failure mechanism more complex
than described in the present study.

While insufficient interfragmentary motion can suppress
callus formation, excessive interfragmentary motion can lead to
hypertrophic callus formation and nonunion®. To be clinically
effective, far cortical locking has to be dimensioned to target
the appropriate stiffness range for secondary fracture-healing.
Therefore, despite the theoretical benefits of the biphasic far
cortical locking stiffness profile, future in vivo studies will be
required to evaluate whether appropriately configured far
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cortical locking constructs can better promote formation and
maturation of a fracture callus than contemporary locking plates.

In conclusion, the far cortical locking construct was
significantly less stiff than the locked plating construct. Its axial
stiffness was comparable with that of an external fixator, and
its biphasic stiffness resembled the progressive stiffening be-
havior characteristic of Ilizarov fixators. It delivered nearly
parallel fracture site motion under initial axial compression.
Furthermore, the far cortical locking construct retained at least
80% of the strength of the locked plating construct in axial
loading and was stronger than the locked plating construct
in bending and torsion. Therefore, far cortical locking may
provide an attractive alternative to reduce the stiffness while
retaining the strength of bridge plating constructs when in-
terfragmentary motion is desired to promote secondary bone
healing. Additional studies are required to assess far cortical
locking performance in combined loading modes and to de-
termine if far cortical locking constructs effectively promote
secondary bone healing in vivo. ®

Note: The authors thank Sebastian Boldhaus for his technical support.
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