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Abstract

Background  Durability of plate fixation is important in
delayed union. Although locking plates result in stronger
constructs, it is not known if locking affects the fatigue life
of a plate. Two locking screws on either side of the non-
union could decrease working length and increase strain in
the plate. However, the reinforcing effect of the locking
head on the plate may compensate, so that it is unclear
whether locking reduces fatigue life.

Questions/purposes We determined whether locking
screws, compression screws, and locking buttons reduce or
increase the fatigue life of a plate.
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Methods  We tested fatigue life of four constructs using
an eight-hole locking plate in a segmental defect model: (1)
all locking screws (Locked; n = 5); (2) all compression
screws (Unlocked; n = 5); (3) six compression screws with
two locking buttons in the central holes (Button; n = 6);
and (4) six compression screws with two open central holes
(Open; n = 6).

Results  The Button group had the longest fatigue life (1.3
million cycles). There was no difference between the Locked
and Unlocked groups. All of the constructs failed by fracture
of the plates through a screw hole adjacent to the defect.
Conclusions  Locking screws did not improve fatigue
life, however a locking button increased the fatigue life of a
locking plate in a segmental bone defect model.

Clinical Relevance  Locking buttons in holes adjacent to
a defect may improve durability, which is important when
delayed union is a possibility.

Introduction

Examples of situations that require long-term durability of
internal plate fixation include large bulk allografts used for
reconstruction after tumor resection and severe traumatic
injuries. Nonunion of allograft to host bone is defined as lack
of healing at 1 year and occurs 10% to 20% of the time
[4, 21, 29, 34, 39, 40]. When a nonunion occurs there is
frequently bone resorption of several millimeters at the
bone-allograft junction (Fig. 1), adding additional stress to
the plate [21, 40]. In such situations, where delayed healing
is anticipated, the long-term durability of the internal fixa-
tion construct becomes important. Fixation integrity must be
maintained, at least until bone grafting can be performed.
Allografts traditionally have been fixed to the host bone
with nonlocking (compression) plates. Some surgeons have
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begun to use locking plates, although it remains unknown if
the altered biomechanics in locked plating provide any real
advantage [11, 16, 19, 26, 28, 30, 33, 35]. Buecker et al. 5]
compared allograft fixation with locking and conventional
plating and found a higher union rate with locking plates.
However, details regarding use of chemotherapy, the
number of plates used, the number and combination of
locking and compression screws, and whether allografts
were filled with cement were not reported.

Previous in vitro biomechanical studies have compared
locking plates and nonlocking plates in fracture models
[13, 14, 22, 25, 31, 41]. In most of these studies the effect
of locked plating on rigidity or strength was assessed, but
the comparisons involved plates and/or screws of different
designs, since the shapes of the locking and compression
plates and screws are different in most systems. This makes
interpretation of the data difficult. Studies involving fatigue
testing have shown that bone is usually the weak link, with
failure resulting from bone fractures or screw pullout [13,
14, 22]. This problem often is mitigated where allografts
are used clinically by filling them with bone cement [17].

The data for locked plating are further complicated
because locked plates can accommodate different combi-
nations of locked screws, compression screws, locking
buttons, or empty screw holes. The choice of screw con-
figuration is characterized by competing tradeoffs. In a
biomechanical analysis of axial and torsional rigidity,
locking the near and far screws, relative to a comminuted
fracture or osteotomy site, increased the rigidity [35].

Fig. 1 The radiograph shows bony resorption at an allograft-host
bone nonunion. The long-term durability of the internal fixation is of
critical importance in a nonunion.
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However, having two screws on either side of the fracture
could decrease the working length and increase the strain in
the plate, predisposing to earlier plate failure [32]. On the
other hand, the engagement of the threads on the head of a
locking screw with the plate may reinforce the plate,
compensating for the reduced working length, and thereby
increasing fatigue life. In allograft reconstruction, there is
the additional concern about placing a screw immediately
adjacent the allograft-host bone junction for fear of
inducing a stress riser in the allograft, which can lead to
fracture. We presumed all locking screws would result in
longer fatigue life compared with all compression screws,
increasing the working length by leaving the holes open
adjacent to the defect would increase fatigue life, and
locking buttons in the two holes adjacent to the defect
would result in the longest fatigue life.

We focused our attention on the holes on either side of a
defect and determined: (1) the effect of locking screws,
compression screws, locking buttons, and open holes on
fatigue life of the plate; and (2) the mode of failure.

Materials and Methods

Fatigue life of eight-hole locking plates fixed with different
combinations of locking screws, compression screws,
locking buttons, and open holes was determined in vitro
using a segmental defect model designed to simulate
allograft nonunion. There were four experimental groups:
(1) all locking screws (Locked; n = 5); (2) all compression
screws (Unlocked; n = 5); (3) six compression screws with
two locking buttons in the holes on either side of the defect
(Button; n = 6); and (4) six compression screws with two
open holes on either side of the defect (Open; n = 6)
(Table 1).

Sample size estimates were based on pilot testing of
compression screw-affixed plates, and calculated to yield
80% power of detecting a 50% difference in cycles to
failure between groups. Cycles to failure in the pilot study
were in the range of 500,000 to 1 million. One million

Table 1. Configuration of internal fixation of 4.5-mm locking plates
in each group

Group

number of

gpecimens) ‘ 0 O 00 0 O Oo /
Locked (5) L L L L L L L L

Unlocked (5) CcC C C C cC C C C

Button (6) C C C B B C C C

Open (6) c € Cc o O C C ¢

L =locking screw, C = compression screw, B = locking button,
O = open hole.
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cycles is equivalent to 1 year of walking [3, 27, 36-38].
Because allograft nonunions typically are not treated until
1 year postoperatively (the time to complete chemotherapy
and allow a chance for healing), a 50% increase in cycles to
failure beyond 1 million is a clinically relevant difference
in construct durability that would allow for treatment of the
nonunion before failure of the internal fixation.

We simulated a segmental bone defect model using fourth-
generation Sawbones®™ composite femurs (Sawbones™,
Vashon, WA, USA), which mimic the biomechanical prop-
erties of bone [6-9, 18,23]. Each Sawbones™ femur was cut at
the level of the lesser trochanter with an electric saw. The
intramedullary canal was filled with polymethylmethacrylate
(PMMA) cement to maximize screw purchase as is practiced
for allograft fixation in clinical practice [17]. The intramed-
ullary canal was plugged at the intercondylar notch and
cement was introduced with a cement gun, pressurized, and
allowed to cure for 24 hours. The femurs then were placed in a
custom-designed jig, which allowed for placement of an
eight-hole, 4.5-mm by 157-mm stainless steel locking plate
(PERI-LOC™ 4.5 mm Locking Plate, Smith & Nephew,
Memphis, TN, USA) in areproducible position on the anterior
aspect of the femoral shaft. Each hole was drilled and tapped,
and 4.5-mm screws were inserted in the prepared holes (in
sequence, moving away from the center to the ends of the
plate). The screws and locking buttons also were stainless steel
and were tightened using a torque wrench to 35 inch-pounds.
New plates, screws, and buttons were used for each test. The
heads of the locking screws and the buttons were identical.
The threads of the locking screws and compression screws
also were identical (4.5-mm, Smith and Nephew PERI-
LOC™ Screw Hole Filler; 4.5- x 40-mm, Smith & Nephew
PERI-LOC™ Cortex Locking Screw; 4.5- x 40-mm, Smith
& Nephew PERI-LOC™ Self-Tapping Cortex Screw).

A 10-mm gap was created directly under the middle,
solid portion of the plate, midway between the innermost
two holes, to simulate allograft nonunion (Fig. 2). The
same jig for reproducible placement of the plates also was
designed for reproducible placement of the osteotomy cuts.
The 10-mm gap was designed to leave enough bone for
purchase of the screws adjacent the defect, yet provide a
gap sufficient to allow flexion of the plates without contact
between the opposite cortices.

Specimens were mounted in a custom jig that allowed
unrestricted bending (flexion) of the plates when subjected
to axial loading (Fig.2) in a servohydraulic materials
testing machine (MTS™ model 810, MTS Corp, Eden
Prairie, MN, USA). A sinusoidal fatigue loading profile
that cycled the load from 20 N to 689 N compression at a
rate of 5 Hz was used. As indicated in section A2.8.4 of
ASTM F382-99(2008), a dynamic test frequency of 5 Hz
facilitates completion of the test in a timely manner while
not producing strain-sensitive affects in the bone plate’s

Fig. 2 An open sample undergoing fatigue testing is shown.

material [1]. Pilot testing revealed the monotonic yield load
of a plate affixed with compression screws was 1060 N.
Specimens were cycled to a load equal to 65% of the yield
load (689 N), which is equivalent to the load of a 70 kg
person and because pilot data showed fatigue life was in
the range of 500,000 to 1 million cycles with this load,
which equates to the cycles seen in 6 to 12 months of
walking [3, 27, 36-38]. One million cycles run-out also
was chosen in accordance with sections A.2.3.1.6 and
appendix X3.3 of ASTM F382-99 [1]. Each specimen was
tested until failure or 1 million cycles. If a specimen did not
fail after 1 million cycles, the load was increased to 75% of
the yield load (795 N) with resumption of testing. Fatigue
life was defined as the number of cycles until there was an
abrupt change in displacement with an applied load. Load
and displacement data were collected for 10 seconds log-
arithmically at 200 Hz. After fatigue testing, the screw
torque was checked for all of the screws, and plates were
visually inspected. All testing was performed using ASTM
F382-99 as a nominal guide (Standard Specification and
Test Method for Metallic Bone Plates, Reapproved 2003,
ASTM International, formerly known as the American
Society for Testing and Materials [ASTM]) [1, 15].

One way ANOVA was used was to evaluate fatigue life
as a function of the fixation construct. Tukey’s Honestly
Significant Difference post hoc tests were performed to
evaluate differences between groups. The number of
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specimens in each group that required testing to more than
1 million cycles was compared with the chi-square test.

Results

The number of cycles to failure differed (p = 0.006) among
the four constructs (Fig. 3). The Button group had the lon-
gest fatigue life, 63% and 71% longer than the Locked and
Unlocked groups (p = 0.019 and p = 0.008, respectively).
The Locked, Unlocked, and Open groups were similar.
Five of the six specimens in the Button group achieved
the 1-million-cycle run-out without failure, compared with

2.0x10°6 - p=0.019
o L] L
S
= 06 ] =0.008 |
:S_! 1.5x10 |p_| _
E
$ 1,000,000 -
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<
o
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Vv \0 @\) o

Treatment group

Fig. 3 The fatigue life in cycles to failure is shown for each plate and
screw configuration (mean £ 1 SD).

Fig. 4A-B All plates failed
through a screw hole adjacent to
the defect as is seen on the
(A) left and (B) right in these
representative Button samples.
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three of six specimens in the Open group, one of five in the
Locked group, and none of five in the Unlocked group
(p = 0.029).

All of the constructs in every group failed by fracture of
the plates through one of the two central screw holes,
adjacent the defect (Fig. 4). Inspection of the failed con-
structs revealed no instances of screw loosening, breakage

or pullout, or fractures in the Sawbones®™.

Discussion

In fractures where delayed union is a possibility, the
durability of plate fixation is important: one would want the
fracture to heal before the plate fatigued and/or failed.
Although locking plates result in stronger constructs, it is
unclear whether locking affects the fatigue life of a plate.
Two locking screws on either side of the nonunion could
decrease working length and increase strain in the plate.
However, since the reinforcing effect of the locking head
on the plate may compensate, it is unclear whether locking
reduces or increases fatigue life. We therefore determined:
(1) the effect of locking screws, compression screws,
locking buttons, and open holes on fatigue life of the plate;
and (2) the mode of failure.

We note the following limitations. First was the use of
Sawbones™ for testing, as opposed to human cadaver
bone. However, we deliberately selected the PMMA-filled
Sawbones™ model to eliminate screw pullout and mini-

mize weakness of the bone so we could specifically analyze
the effect of screw-plate configuration on fixation fatigue
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life, without the confounding effect of cadaver bone fail-
ure. Sawbones™ mechanical properties are comparable to
those of human cadaver bones [6-9, 18, 23], although they
likely would outperform human bone rendered osteopenic
through aging, disease, or cancer treatment. Second, our
specimens were cycled with axial loading as a first
approximation to clinical loading of the femur, which in
the diaphysis is primarily axial, with lesser amounts of
bending and torsional forces [10]. In the presence of a
segmental defect, this generated a bending moment in the
plate. Third, our model was likely more severe than what
typically occurs in vivo, as the 10-mm defect eliminated all
contact between the bone ends. We deliberately selected a
10-mm defect to eliminate the confounding effects of
contact between the far cortices of the Sawbones® during
bending of the plate, yielding a rigorous model, yet one that
would fail and allow meaningful comparisons in a rea-
sonable time. Fourth, we tested a limited number of screw-
plate combinations. We focused on the central holes as
they are associated with the highest stresses and therefore
are most at risk for failure with repeated loading. Finally,
we tested single-plate constructs because single-plate
constructs are commonly used clinically and are most at
risk of failure. Two-plate constructs are used by some
surgeons. We would expect similar results with two-plate
constructs, however, with protracted fatigue lives.

We found the fatigue lives of plates fully fixed with
locked or nonlocked screws to be comparable. The similar
fatigue life of the locked and nonlocked constructs suggests
screw type does not inherently influence plate fatigue
behavior. We originally presumed locking screws would
increase fatigue life by reinforcing the plate. However, the
comparable fatigue life of locked and nonlocked constructs
suggests working length (the distance between the inner-
most screws) and plate cross-sectional geometry are more
important. In contrast to previous studies [13, 14, 22, 25,
31, 41], we found no difference between the fatigue life of
locked and nonlocked constructs in cyclic axial loading.
Previous biomechanical studies generally show locked
plates have a greater fatigue life than nonlocked constructs.
In these cases, however, testing typically was performed in
cadaver bones and failure most often occurred owing to
screw pullout. We used composite Sawbones®™, which are
comparable biomechanically to cortical bone [6-9, 18, 23],
and then filled them with PMMA as is practiced clinically.
This effectively eliminated pullout as a failure mechanism,
yielding a more robust model for testing plate durability.

Leaving the centermost screw holes empty increased the
working length of the plate and the threaded screw holes
dominated the geometry. In a study of the effect of working
length on fatigue life of locking plates, increased working
length increased fatigue life of titanium plates but not
stainless steel plates [20]. The plates used in this study also

were stainless steel, however, testing in that study was
performed using peak loads slightly greater than the elastic
limit, whereas we used loads that were 65% of the elastic
limit. All the plates in that study [19] and ours broke
through the screw holes closest to the defect, consistent
with two additional studies that showed the greatest
amount of stress in the plate is at the screw holes nearest
the defect [2, 24].

We found improved fatigue life when locking buttons
were inserted to fill the holes adjacent to the defect. This
suggests the buttons mitigated the stress riser associated
with the open holes, and omission of the screws increased
the working length of the plate. The combination of these
reduced the local stresses at the screw holes adjacent to the
defect and increased fatigue life. These results are consis-
tent with those of a previous study using locking buttons in
one-third tubular plates [2]. In another study, locking but-
tons did not increase fatigue life [11]. However, in that
study the buttons were designed to fill the remaining
portion of a combination hole designed for a locking screw
or compression screw [12]. In combination holes, the
remaining hole is eccentric and the button is not threaded,
therefore it does not reinforce the plate effectively.

When the durability of the internal fixation is a primary
concern, we suggest using a plate with locking capabilities,
and filling the screw holes nearest the defect or osteotomy
with locking buttons, which increases the fatigue life and
minimizes the effect of screws in the bone adjacent to the
defect. Ultimately, however, the best alternative may be
specially designed plates with large spans between the
centermost holes, which would at once have long working
lengths, no hole-induced stress risers, and reduced risk of
fracture through the host or allograft bone.
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