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To better understand the mechanical characteristics of biplane locked plating in small bone fixation, the
present study compared the stability under cyclic cantilever loading of a 2-plate locked biplane (BPP) construct
without interfragmentary compression with that of a single-plate locked construct with an additional inter-
fragmentary screw (SPS) using surrogate bone models simulating Lapidus arthrodesis. In static ultimate
plantar bending, the BPP construct failed at significantly greater load than did the SPS construct
(556.2 � 37.1 N versus 241.6 � 6.3 N, p ¼ .007). For cyclic failure testing in plantar bending at a 180-N starting
load, the BPP construct failed at a significantly greater number of cycles (158,322 � 50,609 versus
13,718 � 10,471 cycles) and failure load (242.5 � 25.0 N versus 180.0 � 0.0 N) than the SPS construct
(p ¼ .002). For cyclic failure testing in plantar bending at a 120-N starting load, the results were not signifi-
cantly different between the BPP and SPS constructs for the number of cycles (207,646 � 45,253 versus
159,334 � 69,430) or failure load (205.0 � 22.4 N versus 185.0 � 33.5 N; p ¼ .300). For cyclic testing with 90�

offset loading (i.e., medial to lateral bending) at a 120-N starting load, all 5 BPP constructs (tension side) and 2
of the 5 SPS constructs reached 250,000 cycles without failure. Overall, the present study found the BPP
construct to have superior or equivalent stability in multiplanar orientations of force application in both static
and fatigue testing. Thus, the concept of biplane locked plating, using 2 low profile plates and unicortical screw
insertion, shows promise in small bone fixation, because it provides consistent stability in multiplanar ori-
entations, making it universally adaptable to many clinical situations.
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Osteosynthesis is a vital component of orthopedics for both trauma success with many of the new techniques is still not fully understood.

and reconstruction. The mechanical characteristics of orthopedic fix-
ation influence bone healing by a complex cascade of biologic events.
The biologic response of the bone varies depending on the design of
the fixator (size, material, stiffness) and the forces placed across the
fracture or osteotomy. Knowledge of the biologic effects that external
mechanical forces induce in bone has led to new paradigms in fracture
and osteotomy fixation. We can see from the published data that the
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With our understanding of how the biology of bone healing is influ-
enced by both fixed angle plates and traditional compression fixation,
new recommendations for implants are emerging.

Construct stability can be achieved in several ways using fixed
angle plates. Monolateral plate application along the axis of the bone
requires the plate to have sufficient stiffness to resist the multiplane
bending, traction, and rotational forces commonly experienced
during dynamic activities. The addition of an interfragmentary
compression screw increases construct rigidity but can compromise
the biologic healing process by inducing excessive gap strain and
selecting for primary healing only (1). In some applications, mono-
lateral application can lead to suboptimal load distribution at the
fracture site owing to the need for larger and stiffer materials that
can resist weightbearing forces. This is seen in the case of a plate
applied to the compression side of a bone, such as commonly occurs
s. All rights reserved.
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Fig. 1. Image of a test specimen (A) and schematic of the cross-section (B) of the biplane plating construct with dorsomedial and medial–plantar plates fixated unicortically with 2.5 � 14-
mm locking screws. LAT, lateral; MED, medial.
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with Lapidus fusion. The plate must be robust to resist tension
gapping on the far side, but if it is too stiff, it will maintain a gap,
slowing or preventing healing. Therefore, a fine balance must be
maintained between plate design and clinical application for fracture
repair or reconstruction.

One method of balancing the need for multiplane stability without
excessively rigid plates is to use 2 plates of smaller dimension along
the axis of the bone at 90� and 180� to each other without an inter-
fragmentary compression screw. Watts et al (2) compared the me-
chanical stability of a single large fragment plate with that of 2 small
fragment plates side by side and noted improved stability with the 2-
plate construct. Denard et al (3) noted superior construct stability of a
biplanar construct compared with a uniplanar construct for both
bicortical and unicortical screw insertion techniques. Kwaadu et al (4)
reported favorable results with biplane locking plates in complex
comminuted fibular fractures. Biplane plating has been used in ap-
plications in the arm with mechanical comparisons to single plates
that have demonstrated favorable results (5,6). We have used this
concept for small bone fixation in the foot using small flexible plates
in >1 plane, and we are preparing the clinical results for publication.

With the recent extension of the biplane plating technique to small
bone fixation in the foot, further clarification of the stability achieved
for this method and comparison with standard fixation construct
stability is needed to better understand the mechanical performance
of this novel construct. Therefore, the purpose of the present study
was to report the mechanical testing findings for multiplane loading
of a biplane plating construct and a single anatomic plate with
compression screw tested for cyclic failure (fatigue) to simulate the
loading that occurs with progressive postoperative weightbearing.

Materials and Methods

Mechanical testing was performed using 2 distinct Lapidus fixation constructs.
The biplane plating (BPP) construct consisted of two 1.2-mm-thick titanium 4-hole
straight locking plates (Biplanar� Plating System, Treace Medical Concepts, Ponte
Vedra Beach, FL) placed at 90� circumferentially to each other (dorsomedial and
medial–plantar) and fixated unicortically with 2.5 � 14-mm locking screws to pro-
duce a biplane construct with no interfragmentary screw (Fig. 1). The single locking
Fig. 2. Image of a test specimen (A) and schematic of the cross-section (B) of the single lockin
locking screws engaged bicortically and a single 4.0-mm interfragmentary screw engaged bico
plate (SPS) construct consisted of a 1.5-mm-thick titanium anatomic Lapidus locking
plate placed dorsally with four 3.5-mm locking screws engaged bicortically and a
single 4.0-mm interfragmentary screw also engaged bicortically (DARCO LPS� 0-step
plate and DART-FIRE� headed screw; Wright Medical, Memphis, TN; Fig. 2). Test
specimens were constructed using standardized surrogate bone models (Sawbones,
Pacific Research Laboratories, Vashon, WA) on servo-hydraulic material testing ma-
chines (MTS Systems Corporation, Eden Prairie, MN; Fig. 3). Each bone model test
specimen consisted of two 50-mm-length composite cylinders (27-mm outer diam-
eter with a 2-mm wall thickness) filled with polyurethane foam. All specimens were
prepared using a computerized mill to position and drill the appropriate holes to
receive the screws. The plating constructs were placed in accordance with the asso-
ciated manufacturer’s surgical technique guides.

Static Ultimate Failure Test

A static cantilever test was first performed (BPP, n ¼ 2; SPS, n ¼ 2) to determine
the ultimate failure for each construct and set the loading parameters for the fatigue
tests. The static tests were conducted in displacement control at a rate of 10 mm/min,
with load and displacement data collected. For static testing, the load was applied
from the plantar direction. The maximum static failure load for the constructs was
determined, and approximately 50% and 75% of the minimum construct failure load
were used as the starting point for the medial-lateral cyclic testing and plantar cyclic
testing, respectively.

Cyclic Failure Test

Cyclic (fatigue) cantilever failure testing was then performed (SPS, n ¼ 9; BPP
n ¼ 9) to simulate the number of cycles and increase in loading experienced post-
operatively. Both the SPS and BPP constructs were cyclically tested under plantar (SPS,
n ¼ 4; BPP, n ¼ 4) and medial to lateral (SPS, n ¼ 5; BPP, n ¼ 5) bending load appli-
cations. All cyclic tests were conducted under sinusoidal load control parameters at a
constant frequency of 5 Hz, with the load and displacement data collected. Failure was
defined as permanent deformation or mechanical failure of the plate and/or screws.
The failure mode, number of cycles to failure, peak failure load, and photographs were
recorded for each specimen.

For the cyclic testing, an initial cantilever bending load was applied for the first
50,000 cycles and then increased by 25 N for each successive 50,000 cycles until failure
or 250,000 cycles were reached. Two sets of cyclic testing were performed at different
starting load magnitudes. The first set of cyclic testing had an initial starting load of 180
N (5.4 N∙m bending moment) in the plantar loading direction (BPP, n ¼ 4; SPS, n ¼ 4).
Because of the early observed failure of the SPS construct with the 180-N plantar
starting load, the second set of cyclic testing was performed with a starting load of 120
N (3.6 N∙m bending moment) for the plantar loading direction (BPP, n ¼ 5; SPS, n ¼ 5)
and at a 90� offset from the plantar load direction (medial-lateral bending; BPP, n ¼ 5;
SPS, n ¼ 5) to simulate alternative plate positions and surgical applications.
g plate construct with anatomic Lapidus locking plate placed dorsally with four 3.5-mm
rtically. LAT, lateral; MED, medial.



Fig. 3. Test setup for mechanical testing of static and cyclic cantilever bending.

Fig. 5. Number of cycles to failure for the different combinations of load direction and
starting load magnitude. Note that biplane plating construct (BPP; black bar) cycles to
failure was significantly greater than the single locking plate construct (SPS; gray bar) for
cyclic plantar loading starting at 180 N.
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A pretrial power analysis was performed to determine the minimum number of
specimens to detect an effect size of 1.40 at a power of 0.50. These assumptions were
used in planning because of the consistency of the materials, accuracy of the set up,
and sensitivity of the mechanical testing equipment. Bonferroni-corrected t tests
were used to determine the differences between the mechanical performance of the
BPP and SPS constructs.
Fig. 4. Static ultimate failure load under plantar bending for the biplane plating (BPP)
construct (black bar) and single locking plate (SPS) construct (gray bar). Note that the BPP
failure load was significantly greater than the SPS.
Results

Static Ultimate Failure Testing

The results from static ultimate failure test for plantar bending
was 556.2 � 37.1 N (16.7 � 1.1 N∙m moment) for the BPP construct
and 241.6 � 6.3 N (7.3 � 0.2 N∙m moment) for the SPS construct
(p ¼ .007). (Fig. 4). The ultimate displacement at the point of load
application was 10.3 � 5.0 mm for the SPS construct and
4.7 � 0.4 mm for the BPP construct.
Cyclic Failure Test

For cyclic failure testing in plantar bending at a 180-N starting load
(Figs. 5 and 6), the BPP construct failed at a mean of 158,322 � 50,609
cycles at a load of 242.5� 25.0 N (7.3� 0.8 N∙mmoment), and the SPS
construct failed at a mean of 13,718 � 10,471 cycles at a load of
180.0 � 0.0 N (5.4 � 0.0 N∙m moment; p ¼ .002). For cyclic failure
testing in plantar bending at a 120-N starting load (Figs. 5 and 6), the
BPP construct failed at a mean of 207,646 � 45,253 cycles at a load of
205.0 � 22.4 N (6.2 � 0.7 N∙m moment), and the SPS construct failed
at a mean of 159,334 � 69,430 cycles at a load of 185.0 � 33.5 N
(5.6 � 1.0 N∙m moment; p ¼ .300). Of the 5 BPP constructs and 5 SPS
constructs, 2 and 1, respectively, reached 250,000 cycles (220 N load,
6.6 N∙m moment) without failure. For the cyclic testing with 90�
Fig. 6. Cyclic failure load for the different combinations of load direction and starting load
magnitude. Note that the biplane plating construct (BPP; black bar) failure load was
significantly greater than the single locking plate construct (SPS; gray bar) for cyclic
plantar loading starting at 180 N.
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offset loading (i.e., medial to lateral bending) at a 120-N starting load
(Figs. 5 and 6), all 5 BPP constructs (tension side) reached 250,000
cycles without failure. The SPS construct failed at a mean of
220,933 � 35,795 cycles at a load of 210.0 � 13.7 N (6.3 � 0.4 N∙m
moment; p ¼ .14), with 2 of the 5 SPS constructs reaching 250,000
cycles (220 N load, 6.6 N∙m moment) without failure.

Discussion

The results of the present study have demonstrated that a small
biplanar plating construct without compression screw has superior or
equivalent mechanical stability to a single anatomic plate with
interfragmentary compression screw under both static and dynamic
fatigue conditions simulating the loading environment experienced
with small bone fixation in the foot. These findings indicate that the
1.2-mm-thick, low-profile, titanium plates and unicortical screws
(BPP) can provide a versatile fixation platform that achieves robust,
multiplanar relative stability with controlled micromotion, poten-
tially eliminating the drawbacks associated with compression screws
and absolute stability techniques.

Compression fixation with screws relies on absolute stability (i.e.,
rigidity) to stabilize the bone segments. By definition, no motion is
present at the fracture or osteotomy gap interface. The stability ach-
ieved is intimately associatedwith the bite of the screw and the ability
to produce friction between the surfaces. This technique is therefore
reliant on the quality and hardness of the bone. When bone segments
are rigidly fixated, primary bone healing predominates. Some ques-
tion exists regarding whether primary fracture healing alone without
endosteal and periosteal callus is the most efficient and rapid course
to stable bony union (1,7). It is known that the natural process of
callus healing adds to the cross-sectional stability of the fracture or
osteotomy, and this, in addition, to limiting the gap strain might
provide a faster method of achieving stable union (1,8).

The concept of relative stability is easily understood in the
example of an external fixator. The fixator has independent stability
provided by the interlocking components. When applied to a bone
segment, the fixator controls the relative position and apposition of
the fragments without the need for interfragmentary compression.
Studies have shown that under certain conditions, cyclic or dynamic
compression stimulates new bone formation (7,8). This concept of
dynamic or cyclic compression is much different than the concept of
statically compressed surfaces that are the goal of rigid compression
screw fixation. Using biplane plating without interfragmentary
compression, we attempted to attain a construct in which relative
stability of the segments is achieved, at the same time, some flexibility
is retained to allow for cyclic movements along the fracture surfaces.

The design, materials, and application of a locking plate directly
influence this flexibility, which under proper circumstances might
stimulate new bone formation and, in the case of an excessively stiff
plate, could impair healing. Multiple researchers have reported this
concept of excessively stiff locking plates interfering with bone
development and leading to an increased incidence of nonunion.
Roderer et al (9) concluded that increased stiffness and lower inter-
fragmentary movement induce the low bone formation seenwith the
use of stiff locking plates. They noted that the loads acting on locking
plates are carried exclusively by the screws and the plate, which re-
quires these plates to be rather thick to avoid fatigue fractures. This
also results in increased stiffness of the implant, which results in
reduced tissue formation. Lujan et al (10) reported asymmetric callus
formation, with the far cortex having on average, 64% more callus
than the anterior and posterior cortices owing to reduced interfrag-
mentary motion at the cortex adjacent to the plate. More flexible ti-
tanium plates enhanced callus formation compared with stainless
steel plates. Bottlang et al (11) and Henderson et al (12) concluded
that deficient healing could be caused by the high stiffness and
asymmetric gap closure of stiff locked-plate constructs.

An important clinical question when comparing rigid screw fixa-
tion and various forms of plate fixation is the performance during
cyclic force application or fatigue. This is most important in vivo
because in the clinical situation, cyclic forces of partial weightbearing
during the postoperative period are typically less than the force ex-
pected to cause ultimate failure; therefore, it is important to resist
many cycles of subultimate force to prevent fatigue failure. Also, the
strain or micromotion threshold for direct compression fixation is
much lower, possibly biologically compromising the healing and
stability of compression constructs before gross construct failure. In
the present trial, cyclic testing was performed at 2 different orienta-
tions to simulate the plate orientation and loading with weightbear-
ing in the Lapidus tarsal metatarsal arthrodesis procedure. The mean
survivability of the BPP constructs was equivalent or superior to the
larger plate and compression screw construct in the various loading
scenarios. Theoretically, this would indicate that the BPP would
maintain stability during early weightbearing in the postoperative
period better than would the single plate compression model. When
considering clinical bone fixation, a construct must have enough
strength to prevent load failure; however, even more importantly, if
the patient is to walk early in the postoperative course, the construct
must prevent cyclic failure with the repeated loading seen with
weightbearing. Considering these facts and the recent data indicating
controlled micromotion can be beneficial for biologic healing, our
priority was to find a construct strong enough to resist load failure,
stable enough to prevent cyclic failure, and flexible enough to allow
for controlled micromotion during biologic repair by callus formation.
Using cyclic loading for the basis of our mechanical testing, we have
more closely estimated the expected behavior of these constructs
with the patient weightbearing. However, we recognize that me-
chanical testing cannot predict the clinical results.

Our testing method used an idealized bone model and loading
environment to reduce experimental variability to isolate and directly
compare the relative mechanical performance of a novel BPP versus a
construct representing the current clinical standard (SPS). Thus, one
must be cautious when attempting to directly extrapolate the abso-
lute values of the cycles and load to failure of the study to in vivo,
clinical loading scenarios. However, for the purposes of interpreting
the results of the present study, the bending moment experienced at
the tarsometatarsal joint during normal, healthy walking is estimated
to be approximately 15 to 30 N∙m (13,14). Although the loading
conditions were idealized in our study, it is clear that we applied loads
that approximate those of partial and/or full weightbearing during the
early postoperative period. Thus, our findings suggest that the BPP
could withstand the cyclic forces of weightbearing and also provide
controlled micromotion of the bone surfaces to maintain the stimulus
for biologic repair by callus formation.

Mechanical comparison studies (15–17) have shown the locking
plate with compression screw to be superior to a single plane plate in
resisting ultimate load failure. The use of a flexible plate, a biplane
construct with unicortical screws seems to strike a balance between
appropriate stability and avoidance of excessive rigidity. It is clear
that plate thickness and size are key components that determine the
rigidity or flexibility of a plate. Additionally, the number of screws
and technique of screw insertion have a bearing on stability and
flexibility. Unicortical screws have been shown to provide robust
stability when used in multiplanar configurations (3). A biplane
construct of 2 smaller flexible titanium plates has the advantage of
multiplane stability and some retained flexibility. Also, this construct
performs well under cyclic loading conditions using unicortical
screw insertion, as shown by our testing. Unicortical insertion re-
quires less time for application because measuring is not needed and
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allows the opportunity for standardized plate systems not requiring
multiple screw lengths in a large set. A simple straight flexible plate
can be contoured to the surgical anatomy and unicortical screws
with a predetermined length can be inserted. A second identical
plate and screw is contoured to the anatomy approximately 90� to
the first plate to achieve multiplane stability. Because the failure of a
locking plate does not result from individual screw pull out or
maintenance of static compression across the surfaces, the screw
thread purchase or “bite” in the bone is not the priority. When
considering the mechanics of static compression fixation, it is the
screw bite that is the most vital component producing stability.
Therefore, screw fixation and nonlocking plate fixation, which also
rely on the surface friction of the plate to the bone produced by the
screw bite and compression, are less reliable in soft bone and in
unicortical applications (1). We applied the locking plates in the BPP
with unicortical screws and the SPS construct with bicortical screws
for both the plate and the interfragmentary screw. Despite this, the
BPP construct mechanically outperformed the SPS construct. This
highlights the importance of component orientation over screw
insertion and purchase.

As with all studies, our trial had certain shortcomings. First, testing
was performed in a nonclinical setting. Care was taken in the design
and execution of the trial to apply the fixation constructs in a manner
clinically familiar to foot and ankle surgeons. The use of standardized
artificial bone specimens and computer milling techniques for
application of the components reduced the variability that would
have been present in a cadaveric or clinical trial using a surgeon-
specific manual technique. The initial force application was calcu-
lated as the average percentage of the ultimate failure force of the 3
constructs, which might not represent the actual mechanical loading
forces in vivo. Despite this somewhat arbitrary assignment of the
initial force, the testing was consistently applied to all specimens,
adding to the reliability of our comparative results. Additionally, fa-
tigue testing more closely simulates the forces encountered at a sur-
gical site when the patient moves or walks postoperatively resulting
in fatigue rather than ultimate or total load failure.

A comparison of the BPP constructs and SPS constructs showed
superior or equivalent stability in multiplanar orientations of force
application in both static and fatigue testing. This concept shows
promise for clinical applications in small bone fixation, because it
provides consistent stability in multiplanar orientations using low-
profile plates and unicortical screw insertion. These factors make it
universally adaptable to many clinical situations. In addition, stability
is maintained despite the absence of an interfragmentary screw,
thereby eliminating surface preload and gap strain and potentially
making this technique enable more biologic healing. Using this idea of
biplanar placement of locking plates, the plates can theoretically be
made smaller and more flexible and still provide appropriate overall
mechanical stability. This construct concept might be advantageous
when the anatomy prevents placement of a single plate in the most
desirable mechanical orientation.
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