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Abstract Objective To evaluate the effect of 3.5-mm locking compression plate (LCP) length on
construct stiffness and plate and bone model strain in a synthetic, short-fragment,
fracture-gap model.
Study Design Six replicates of 6-hole, 8-hole, 10-hole, and 12-hole LCP constructs on a
short-fragment, tubular Delrin fracture gap model underwent four-point compression
and tension bending. Construct stiffness and surface strain, calculated using three-
dimensional digital image correlation, were compared across plate length and region
of interest (ROI) on the construct.
Results The 12-hole plates (80% plate-bone ratio) had significantly higher construct
stiffness than 6-hole, 8-hole, and 10-hole plates and significantly lower plate strain than
6-hole plates at all ROls. Strain on the bone model was significantly lower in constructs
with 10-hole and 12-hole plates than 6-hole plates under both compression and tension
bending.
Keywords Conclusion Incremental increases in construct stiffness and incremental decreases in
= plate length plate strain were only identified when comparing 6-hole, 8-hole, and 10-hole plates to
= strain 12-hole plates, and 6-hole to 12-hole plates, respectively. Strain on the bone model
= working length showed an incremental decrease when comparing 6-hole to 10-hole and 12-hole plates.
= locking compression A long plate offered biomechanical advantages of increased construct stiffness and
plate reduced plate and bone model strain, over a short plate in this in vitro model.

The plate-span ratio is the quotient of the plate length and
fracture length. The plate-screw density is the quotient of the

Introduction
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Planning fracture repair with plate fixation requires decision
making on plate size, screw number, screw position, working
length, and plate standoff distance, all affecting construct
stiffness.’ Validated guidelines for determining an ideal
plate length have not been published but one proposal is
based on the plate-span ratio and the plate-screw density.*

received

February 27, 2024
accepted after revision
August 6, 2024

article published online
August 21, 2024

number of plate screws and the number of available plate
holes. In addition, a plate-bone ratio may be used to describe
plate length, which is defined as the quotient of plate length
and bone length.

Use of a long plate has been suggested to offer biomechan-
ical advantages of high construct stiffness and strength, and
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low plate strain."»?>~” In a plated bone, the plate length will
determine the proportion of bone shielded by the plate, and
differences in stiffness between plate-shielded and non-
shielded bone will influence the distribution of strain.®
Bone remodeling and in some cases peri-implant fracture
are recognized clinically as manifestations of bone stress
concentration at the plate end.?"'? Despite this, studies on
the effect of plate length on bone strain are lacking.

The aim of this study was to compare construct stiffness,
plate strain, and strain in the bone model adjacent to the
plate end of four different plate lengths using a synthetic,
short-fragment, fracture gap model stabilized with a 3.5-mm
locking compression plate (LCP). We hypothesized under
both compression and tension bending, there would be
incremental increases in construct stiffness with increases
in plate length, and incremental decreases in plate and bone
model strain with increases in plate length.

Materials and Methods

Bone Models

A synthetic, short-fragment, fracture-gap model was used. The
bone model was constructed using acetal polymer tubes
(Delrin: Mulford Plastics, Balcatta, WA, Australia) with an

X
™

outer diameter of 15.9mm and am inner diameter of
9.5mm as used in previous biomechanical studies.'>'* Six
screw-holes and one jig-positioning hole on each end of the
Delrin were predrilled on axial midline using a numerically
controlled mill with a 2.8-mm drill bit (2.8-mm Drill Bit, Quick
Coupling, 165 mm; Synthes GmbH, Oberdorf, Switzerland) as
per AO recommendations (AO Foundation, Davos, Switzerland)
for placement of 3.5-mm locking screws. Delrin was sectioned
into 197-mm lengths and cut at an angle of 30 degrees to the
long axis, generating a short segment of 45mm, a long
segment of 150 mm, and a fracture gap of 1.75 mm, modelling
an imperfectly reduced, noncompressible, short-fragment di-
aphyseal fracture.

Construct Assembly

Six replicates of constructs with four plate lengths (24
constructs in total) were assembled, with a 6-hole, 8-hole,
10-hole, and 12-hole, 3.5-mm LCP (LCP: Synthes GmbH,
Oberdorf, Switzerland) applied to the bone models
(=Fig. 1). All constructs were assembled in random order
by one board-certified surgeon (M.G.) using standard AO
technique (AO Foundation, Davos, Switzerland) and main-
taining a 1-mm plate standoff distance with a spacer (Tiling
spacers, 1 mm, Rubi, Spain). Six 26-mm bicortical locking
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Fig. 1 lllustration depicting (A) 6-hole, (B) 8-hole, (C) 10-hole, and (D) 12-hole locking compression plate (LCP) constructs. The short oblique
fracture gap is positioned between the third and fourth plate holes (left to right). Working length was lower in the 6-hole constructs (X;) than
the remaining constructs (X3) due to differing plate hole layout over the fracture gap, such that X; < X,. Arrows below each construct depict
plate length relative to bone model length to calculate plate-bone ratio. Plate-bone ratios of the 6-hole, 8-hole, 10-hole, and 12-hole LCP
constructs were 40, 53, 65, and 80%, respectively. Solid circles depict locked screw positions in the plate.
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screws (Veterinary Locking Stardrive, 3.5-mm, Self-Tapping;
Synthes GmbH, Oberdorf, Switzerland) were placed per
construct using an orthopaedic drill (Cordless Driver III:
Stryker Instruments, Kalamazoo, Michigan, United States)
coupled with a 1.5-Nm torque limiter (Torque Limiter,
1.5 Nm, with AO/ASIF Quick Coupling: Synthes GmbH, Ober-
dorf, Switzerland) and screwdriver (Star Drive Screwdriver
Shaft T15 with AO/ASIF Quick Coupling: Synthes GmbH,
Oberdorf, Switzerland). In all constructs, three screws were
placed in the short fragment, two screws were placed
immediately adjacent to the fracture gap in the long frag-
ment, and the sixth screw was placed at the end of the plate
in the long fragment.

Working Length and Plate-Bone Ratio

Working length was defined as the distance between the
innermost plate screws either side of the fracture gap,'”
under a 1-mm plate standoff distance. The working length
differed between 6-hole plates and the remaining plate
lengths due to differences in the combination-hole layout
at the plate center (~Fig. 1). The working length was
9.4mm for the 6-hole plates and 13mm for all others.
The plate-bone ratio of the 6-hole, 8-hole, 10-hole, and
12-hole LCP constructs was 40, 53, 65, and 80%, respectively
(=Fig. 1).

Biomechanical Testing

Constructs were seated in a custom loading jig with a 3.5-
mm bolt placed in each jig-positioning hole. Four-point
bending was applied in two different planes sequentially,
using a material testing machine (Instron 5566: Instron,
Canton, Massachusetts, United States). Constructs were
preloaded between support and load rollers with a 336-
and 230-mm spacing, respectively, and subjected to nonde-
structive, quasi-static ramp loading for three cycles as per
previously published protocol.’>'416-1% Three loading
cycles were chosen based on pilot testing, which found
no differences after the initial loading cycle. Load was
applied using a 2 kN load cell in a direction parallel to
the screw axis under displacement control (10 mm/minute)
to a maximum force of 240N (load range 0-240N), produc-
ing a peak bending moment of 6 Nm. The position of load
and support rollers was sequentially altered to enable both
compression (gap opening) and tension (gap-closing) bend-
ing (=Fig. 2).

Measurement of Stiffness

Construct stiffness (N/mm) was derived from the slope of the
linear (elastic) portion of the load displacement curve using
Bluehill (Bluehill v2.5.391: Instron, Canton, Massachusetts,
United States) between 150 and 240 N with a 10 Hz sampling
frequency.

Measurement of Strain

Assembled constructs were painted with white (Flat White:
White Knight, New South Wales, Australia) followed by a fine
black speckle spray pattern (Flat Black: White Knight, New
South Wales, Australia) to enable optical measurement of
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Fig. 2 Illustration of an assembled construct positioned in loading
jigs positioned between load (upper) and support (lower) rollers. The
position of load and support rollers is sequentially altered to enable
both (A) compression (gap opening) and (B) tension (gap closing)
four-point bending. Under both bending modes, plates remained
positioned on the undersurface of the bone model, enabling optical
measurement of von Mises strain below the construct.

von Mises strain using three-dimensional digital image
correlation as previously described.'®1%-24 yon Mises strain
was calculated at six pre-defined regions of interest (ROIs) on
the plate surface and one ROI on the bone model adjacent to
the plate end (~Fig. 3). Stereo image displacements were
obtained using two calibrated high-resolution cameras
(Point Gray; Sony ICX625, Richmond, Canada) with
2,448 x 2,048 pixel sensors, converging at 60 degrees and
operated at an exposure of 11 milliseconds. Correlation-
based displacements of image subsets of the speckle pattern
were captured using VicSnap (VicSnap, Correlated Solutions,
South Carolina, United States). Post-hoc evaluation of dis-
placements and calculation of von Mises strain was per-
formed using VIC3D (VIC3D, Correlated Solutions, South
Carolina, United States). Load (N) was plotted against von
Mises strain and a line of best fit was used to calculate peak
strain at a load of 240 N.
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Fig. 3 lllustration depicting regions of interest (ROI) on an 8-hole locking compression plate (LCP) construct. The short oblique fracture gap
is positioned between the third and fourth plate holes (left to right). Numbered boxes depict ROI for strain measurement (ROl 1-6 are positioned
axially on the LCP surface; ROI 7 is positioned on the bone model adjacent to the plate end). Solid circles depict locked screw positions in the plate.

Statistical Methods

Statistical analysis was performed using SAS v9.8 (SAS
Institute, North Carolina, United States). A sample size of
six replicates across four plate lengths was sufficient to
detect an effect size as small as 1.75, at a power of 0.8 and o
at 0.05. The responses of interest were construct stiffness
(N/mm) and strain (mm/mm) at each ROI in four-point
bending. Responses were found to follow a normal distri-
bution using the Shapiro-Wilk test, with failure to reject
the null hypothesis of normality at p <0.05. Responses were
summarized as mean and 95% confidence interval. One-
factor analysis of variance tested the effect of plate length
on construct stiffness and two-factor analysis of variance
tested the effect of plate length and ROI on plate and bone
model strain. A two-sided research hypothesis was tested
against the null hypothesis of no difference. Where there
was a significant effect of plate length (one way) and
interaction (two-way), planned pairwise comparisons
were made between plate lengths or across ROIs against a
Tukey-adjusted p <0.05.

Results

Construct Stiffness

Under compression bending, construct stiffness was signifi-
cantly higher for 12-hole plates than 6-hole (p < 0.0001), 8-
hole (p=0.0037), and 10-hole (p=0.0022) plates, with no
significant incremental increases in stiffness between 6-hole
and 8-hole plates, 6-hole and 10-hole plates, or 8-hole and
10-hole plates (=Table 1). Under tension bending, construct
stiffness was significantly higher for 12-hole plates than 6-
hole (p<0.0001), 8-hole (p=0.0015), and 10-hole
(p=0.0088) plates with no significant incremental increases
in construct stiffness between 6-hole and 8-hole plates, 6-
hole and 10-hole plates, or 8-hole and 10-hole plates
(=Table 1).

Plate Strain

Under compression bending, strain was significantly lower
for 12-hole plates than 6-hole plates at all ROI
(p <0.05; =Table 2). Strain was also significantly lower for
12-hole plates than 8-hole plates at ROI 1 (p=0.0138) and 5
(p=0.0009), and 10-hole plates at ROI 1 (p=0.0024), 3
(p=0.0228), and 5 (p=0.0373). Under tension bending,
strain was significantly lower for 12-hole plates than 6-
hole plates at all ROI (p < 0.05; =Table 3). Strain was also
significantly lower for 12-hole plates than 8-hole plates at
ROI 2 (p =0.0005), and 10-hole plates at ROI 1 (p =0.0267), 2
(p=0.0001), 3 (p=0.0333), and 6 (p=0.0035). Under both
compression and tension bending, the 12-hole plates did not
have significantly higher strain than other plates at any ROI.

Strain in the Bone Model

Under compression bending, strain was significantly lower
for 12-hole (p = 0.0073) and 10-hole (p =0.0196) plates than
6-hole plates at the ROI on the bone model adjacent to the
plate end (ROI 7; =Table 2). There was no significant differ-
ence between 12-hole and 10-hole plates at ROI 7
(p=0.8489). Under tension bending, strain was significantly
lower for 12-hole plates than 6-hole (p <0.0001), 8-hole
(p<0.0001), and 10-hole (p=0.0066) plates at ROI 7
(=Table 3). Strain was also significantly lower for 10-hole
plates than 6-hole (p<0.0001) and 8-hole (p < 0.0040)
plates, and for 8-hole plates than 6-hole (p =0.0001) plates.

Discussion

This study investigated, using an in vitro bone model, the
effect of plate length on construct stiffness, plate strain, and
strain at the ROI on the bone model adjacent to the plate end.
Our first research hypothesis of incremental increases in
construct stiffness with increases in plate length was only
accepted when comparing 6-hole, 8-hole, or 10-hole to 12-

Table 1 Mean (95% confidence interval) construct stiffness (N/mm) under compression and tension bending

Construct Compression bending, N/mm Tension bending, N/mm
6-hole 61.7° 58.5°
(56.9-66.5) (54.7-62.4)
8-hole 66.1° 62.3°
(61.9-70.4) (57.7-66.9)
10-hole 65.6° 64.3°
(63.9-67.4) (59.7-68.8)
12-hole 74.5° 73.4°
(70.7-78.4) (68.2-78.6)

Note: Within a column, means with the same superscript (* ®) are not significantly different (Tukey-adjusted p > 0.05).
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hole plates, corresponding to 40, 53, and 65% to 80% plate-
bone ratio, respectively.

A previous biomechanical investigation also reported
significantly higher stiffness in 12-hole plates compared
with 8-hole plates under axial compression and torsion in
a synthetic, small-gap finite element model stabilized with a
45-mm titanium LCP2 In our study, bending remained
within the linear region of the load displacement curve.
Other studies reported higher yield strength of 10-hole
versus 8-hole LCP constructs during four-point bending,?’
whereas studies employing dynamic compression plate con-
structs reported higher bending strength when using longer
plates with fewer screws.”?® In these studies, constructs
were tested beyond the yield point, defined as the change
from elastic to plastic deformation,'>?” illustrating that
biomechanical advantages of using a long plate remained
beyond material elastic limits.

Our research hypothesis of an incremental decrease in
plate strain with an increase in plate length was only
accepted when comparing 6-hole to 12-hole plates. This
effect was seen at all ROIs, including the ROI immediately
over the fracture gap. At no ROI was strain significantly
higher for a longer plate than a shorter plate. We did not
perform fatigue testing, so it is not possible to make claims
about plate length and fatigue failure. However, when load-
ing occurs within elastic limits, such as in fatigue, implant
stress is proportional to implant strain, and small increases
in implant stress are known to significantly shorten implant
fatigue life.?82° For this reason, any decisions on plate
selection, such as plate length, that reduce implant strain
may thereby also reduce the risk of fatigue failure.

Our research hypothesis of an incremental decrease in
strain at the ROI on the bone model adjacent to the plate end
with an increase in plate length was only accepted when
comparing the 6-hole to the 10-hole and 12-hole plates.
Lower strain observed in the bone model at the plate end may
be explained by the relative decrease in the external force
lever arm as the plate-bone ratio increases with an expected,
consequent reduction in the stress concentration in the bone
model.""? These findings illustrate potential clinical impli-
cations of selecting plate length on stress concentration in
the nonplated bone region as has been previously
described.®1%12

In this study, incremental increases in construct stiffness
and decreases in plate strain were only identified when
comparing plate-bone ratios of 40, 53, and 65% to 80% and
between 40 and 80%, respectively. Failure to detect signifi-
cant differences with smaller changes in plate-bone ratio
may suggest that a threshold plate-bone ratio is necessary
before significant biomechanical differences are apparent.
The sequential increase in plate-bone ratio from the 10-hole
to 12-hole plates represented an increment of 15%, compared
with a sequential increment of 12 and 13% from the 8-hole to
10-hole and 6-hole to 8-hole plates, respectively. Alterna-
tively, these results may reflect type II error, with power
insufficient to detect the smaller difference in light of the
variance between replicates. Performing multiple compar-
isons can magnify this error, for example, comparing across

ROIs, testing against conservative criteria for type I error. Our
sample size of six replicates per treatment group was suffi-
cient to detect an effect size as small as 1.75, based on
previous investigations using a similar experimental de-
sign.'>'* One advantage of the synthetic model is its unifor-
mity and the low variability that is generated between
replicates, extending confidence around reducing type Il
error. However, given that the mean effect size that remained
undetected in this study ranged from 0.5 to 1, requiring a
sample size of 17 to 50, it is possible some results could
reflect type II error.

Guidelines for fracture repair were met in construction of
this model, including a minimum of three locked screws per
fragment using a screw configuration based on AO recom-
mendations.”?®3% An inherent difficulty with the model
was the inability to maintain a consistent working length
across all constructs, despite maintaining a constant screw
configuration. The 3.5-mm LCP features 13-mm spacing
between the locking part of the combination holes, except
for the spacing between locking holes at either side of the
plate center, where locking holes are spaced 9.4 mm apart.31
The eccentric location of the fracture gap in our model, and
LCP combination-hole layout at the plate center, resulted in a
9.4-mm working length for the 6-hole plates and a 13-mm
working length for the remaining plates, representing a 38%
increase in working length. Previous investigations have
reported that increasing working length decreases construct
stiffness and increases plate strain.>'31416-19:32 Therefore,
working length may have confounded or mitigated the
change expected for the 8-hole and 10-hole plates, which
may not have been overcome until the plate-bone ratio
reached 80% for the 12-hole plates.

Use of short plates has been recommended to minimize
soft tissue dissection and obviate disruption to fracture
biology.3*** However, in vitro, shorter plates have been
shown to have lower axial stiffness> and bending
strength.”-2® The biologic consequences of using long plates
can be overcome, in part, by the minimally invasive applica-
tion of longer plates with lower plate screw densities.
Minimally invasive plate application preserves fracture biol-
ogy while minimizing morbidity associated with traditional
open approaches.'>3°737 Choosing a longer plate may there-
fore be less restricted by fracture biology and better, based on
the plate-bone ratio, to achieve maximum biomechanical
advantage.

The plate-span ratio and plate-screw density as previous-
ly described may be less useful criteria for deciding on ideal
plate length in simple fractures with small fracture gaps due
to ambiguity surrounding measurement of fracture length,
and in patients with short limb segments that mandate use of
short plates. Guidelines derived from results in humans
suggest a minimum plate-span ratio greater than 8 to 10
and a plate-screw density of less than 0.3 to 0.4 are necessary
for simple fractures such as the configuration modeled in our
study."* These suggestions were, however, derived retro-
spectively from outcomes of fracture repair in people. When
considering the 1.75-mm fracture gap modeled in our study,
the calculated plate-span ratio in the 6-hole 3.5-mm LCP
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(measuring 79 mm in length) would equate to 45, whichis far
in excess of the minimum recommended guideline. Despite
meeting this criterion, the 6-hole plates were significantly
less stiff and had significantly higher plate strain than the 12-
hole plates. Furthermore, achieving a plate-screw density of
less than one is not clinically feasible when using a 6-hole
plate while also satisfying the recommendation of three
screws per fragment. While it was shown that construct
stiffness is proportional to plate length and therefore plate-
bone ratio, the ideal construct stiffness remains unknown,
and was beyond the scope of our study.

A simple short-fragment, oblique, small fracture gap was
modeled in this study as this fracture configuration occurs
commonly in veterinary patients and is challenging to repair
in vivo since the oblique fracture configuration usually
prevents axial compression with a bone plate. Axial com-
pression of transverse and suitably short oblique fractures
with compression plating has the intent and potential to
eliminate fracture gap and increase construct stiffness
through frictional contact of the fracture ends, thereby
also decreasing plate strain.3%33 Four-point bending was
used to generate a uniform bending moment across all
constructs.>® While axial and torsional loading of constructs
was not performed, in this instance, bending represents the
most biomechanically relevant load acting on long bones
with eccentrically positioned plates.39’40

In our model, under both compression and tension bending,
incremental increases in construct stiffness and decreases in
plate strain were identified between the 6-hole, 8-hole,
and 10-hole plates to 12-hole plates, and between 6-hole
and 12-hole plates, respectively. Under both compression
and tension bending, strain at the ROI on the bone model
adjacent to the plate end only showed incremental decreases
from 6-hole to 10-hole and 12-hole plates. Our results showed
that a long plate offers the biomechanical advantages of high
construct stiffness and low plate and bone model strain. While
a long plate was shown to biomechanically outperform a
short plate in this context, consideration must also be given
to other factors when guiding selection of plate length in
clinical cases, including fracture location, configuration, and
potential consequences on fracture biology.

Note

An abstract of this paper was presented at the annual
European College of Veterinary Surgeons Congress, July 6,
2019, Budapest, Hungary. Results from this study were
also presented at the AO Vet Symposium, Bridging the
Gap: Translating Clinical Research to Clinical Practice,
presented November 23, 2020, via Webinar.
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