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Abstract

Background: Decreasing the stiffness of locked plating cortdrean promote natural
fracture healing by controlled dynamization of thecture. This biomechanical study compared
the effect of four different stiffness reductionthnads on interfragmentary motion by measuring
axial motion and shear motion at the fracture site.

Methods: Distal femur locking plates were applied to bridgmetadiaphyseal fracture in
femur surrogates. A locked construct with a shadde span served as the non-dynamized
control group (LOCKED). Four different methods &iffness reduction were evaluated:
replacing diaphyseal locking screws with non-locketkws (NON-LOCKED); bridge
dynamization (BRIDGE) with two empty screw holes)mal to the fracture; screw
dynamization with Far Cortical Locking screws (FCahd plate dynamization with active
locking plates (ACTIVE). Construct stiffness, axmabtion and shear motion at the fracture site
were measured to characterize each dynamizatiomoaet

Results: Compared to LOCKED control constructs, NON-LOCKE@nstructs had a
similar stiffness (p=0.08), axial motion (p=0.0&hd shear motion (p=0.97). BRIDGE constructs
reduced stiffness by 45% compared to LOCKED consdr(p<0.001), but interfragmentary
motion was dominated by shear. Compared to LOCK&fstructs, FCL and ACTIVE
constructs reduced stiffness by 62% (p<0.001) &9d {{p<0.001), respectively, and
significantly increased axial motion, but not shetion.

Conclusions: In a surrogate model of a distal femur fractueplacing locked with non-

locked diaphyseal screws does not significantlyekese construct stiffness and does not
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enhance interfragmentary motion. A longer bridgansprimarily increases shear motion, not
axial motion. The use of FCL screws or active pigtlelivers axial dynamization without
introducing shear motion.

Key Words: plate fixation;locked plating;dynamization;inftregmentary

motion;stiffness;active plating;femur

I ntroduction

Angle stable locked plating has become the stangeatinent for most difficult fractures
of the distal femur. Despite excellent early resuthere Is growing concern surrounding the
relatively high non-union rates following lockedaf# fixation of distal femur fractures. Most
recent studies quote non-union or fixation failtates following locked plating of distal femur
fractures of 10% to 23%° There is abundant evidence that deficient fraatundon caused by
overly stiff locking plates can suppress naturatfure healing, contributing to delayed unions,
non-unions, and fixation failure!® Conversely, research over the past 50 years masstently
demonstrated that controlled axial dynamizationiogrove the speed and strength of fracture
healing by dynamically stimulating natural bonellmegvia callus formatiorf: 1°*°

Two primary mechanical conditions critical for protion of natural fracture healing
have been identified: Callus formation is promdtgdhaxial interfragmentary motion greater than
0.2 mm?*® *’and fracture healing is inhibited when interfragiaey motion is dominated by
shear displacemefi.Strategies aimed at altering the mechanical enmient created by locked
plating constructs and at promoting fracture hegliy spontaneous callus formation were
proposed as early as 2083.

Four principal methods are currently promoted thuce the stiffness of locked bridge

plating constructs: diaphyseal fixation with noliing screws rather than locking screws;

increasing the length of the bridge spanning thettre zoné? screw dynamization with Far
2
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Cortical Locking (FCL) screw$and plate dynamization with active plates thatehahastically
suspended locking holéSIt is not clear which of four these constructsviles the best
mechanical environment to achieve the goal of daalgture dynamization to promote healing
while minimizing any detrimental effects from maotio

The present study measures construct stiffnesebhssvaxial and shear motion at the
fracture site to assess the efficacy by which eaettegy can satisfy the basic conditions for
mechanical stimulation of fracture healing. Speaitly, this study tested the hypotheses that the
four dynamization strategies will differ in thefifieacy to decrease construct stiffness, to

increase interfragmentary axial interfragmentaryiomy and to prevent excessive shear motion.

Material and Methods

In a biomechanical bench-top study, periarticutaking plates were applied to bridge a
metadiaphyseal fracture in femur surrogates. Coacisstiffness was assessed under quasi-
physiologic loading by measuring the resulting barad shear motion at the fracture site. In the
LOCKED control group, the periarticular plate wapked to the diaphysis with bi-cortical
locking screws: The first locking screw was plaeégacent to the fracture to achieve a short
bridge span. Subsequently, four different stratetpedecrease construct stiffness and to
dynamize the fracture site were evaluated (Figlreeplacing diaphyseal locking screws with
non-locking screws (NON-LOCKED group); bridge dynaation (BRIDGE group) by
increasing the bridging span with locked screwghindiaphysis? screw dynamization with Far
Cortical Locking screws (FCL group)and plate dynamization with active locking plates
(ACTIVE group)X®# Construct stiffness was characterized by meagtihia construct
deformation in response to quasi-physiologic logdibynamization of the fracture site was
characterized by measuring the interfragmentaryanoh axial and shear direction. Finally, the

stiffness and interfragmentary motion results effibur strategies for stiffness reduction were
3



77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

compared with the LOCKED control group to determtimer effectiveness in dynamizing the
fracture site.

Specimens. Plating constructs were evaluated thgeneration femur surrogate
specimens made of fiber-reinforced epoxy compdsidd06, large size, Sawbones, Vashon,
WA, USA) to minimize inter-specimen variability. Amstable distal femur fracture
(AO/Orthopaedic Trauma Association 33-A3) was meddly introducing a 10-mm gap
osteotomy located 60 mm proximal to the intercoadylbtch’ 2 This gap osteotomy simulated
the biomechanical constraints of a comminuted @racthat relies on full load transfer through
the bridge plating construct due to a lack of bappgosition at the fracture site. In the LOCKED
control group, this gap osteotomy was stabilizetth @286 mm long distal femur plate (ZPLP,
Zimmer, Warsaw, IN) made of stainless steel. Tlagegghad 13 holes for diaphyseal fixation,
seven of which were locking holes (Figure 2A). Thephyseal plate segment was applied using
three evenly spaced 4.5 mm locking screws placéieirf’ 4", and 7' locking hole from the
fracture site, resulting in a short bridge spa@®mm. A plate elevation of 1 mm over the
proximal diaphysis was achieved with temporary spato simulate biological fixation with
preservation of periosteal perfusitiThe distal plate segment was applied to the mg&ph
using six 5.5-mm cannulated locking screws in ataonce with the manufacturer’s technique
guide. All screws were tightened to 4 Nm.

Subsequently, four additional construct configunasi were assembled by changing one
variable of the LOCKED control group constructgaime: For constructs of the NON-
LOCKED group, non-locking screws were used in plaiclcking screws for diaphyseal
fixation, using the ¥, 4", and &' non-locking hole from the fracture site (Figure)2Because of
the alternating locking / non-locking screw holeftguration of this plate, the non-locking
construct had an intermediate bridge span of 40 BRIDGE group constructs employed a

longer bridge span (87 mm) than LOCKED control grgonstructs (25 mm) by placing



102  diaphyseal locking screws in th& 3", and 7' locking hole from the fracture site. FCL group
103 constructs replaced the three diaphyseal lockingnscof LOCKED control group constructs
104  with three far cortical locking (FCL) screws (4.5mMotionLoc®, Zimmer, Warsaw, IN) made
105 of stainless steel. FCL screws rigidly locked itfte plate and the far cortex, but they are not
106 rigidly constrained in the near cortex underlyihg plate. The elastic shaft of FCL screws can
107  flex within the near cortex motion envelope to gaie symmetric interfragmentary motion.

108 ACTIVE group constructs had a screw configuratidentical to that of the LOCKED control
109 group, but employed an active locking plate. Scneles of active locking plates are integrated
110 inindividual sliding elements that are elasticalyspended in a silicone envelope inside lateral
111 plate pockets (Figure 2C). Lateral pockets arenged in an alternating pattern from both plate
112 sides, resulting in a staggered locking hole camigon. The pocket geometry combined with
113 the silicone suspension allows controlled axiatgtation, which enables up to 1.5 mm of axial
114 motion across a fracture while providing stablefien in response to bending and torsional
115 loading®* The silicone suspension consisted of long-terniampable medical-grade silicone
116 elastomer. The active locking plate was made afisiss steel, and was geometrically equivalent
117 to the standard locking plate of the LOCKED contgadup (Figure 2D). Five specimens of each
118 of the five constructs were tested for reproduitibitequiring a total of 25 construct tests.

119 Loading: For stiffness assessment, constructs were teati guasi-physiological

120 loading in a material test system according tostaldished loading protocol (Figure,

121  Supplemental Digital Content 1 http://links.lww.cB®T/A993, describing specimen loading
122  and outcome assessmefitf> The femoral condyles were embedded in a mouniitgré using
123 bone cement, and were rigidly connected to thethakthe test system (8874, Instron, Canton,
124 MA). The metaphyseal plate segment was coatedsaitthclay to prevent non-physiologic plate
125 constraints. The femoral head was placed in a steecess of a polymer block that was

126 attached to the test system actuator. This enabliadl load application while allowing
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unconstrained rotation of the femoral head. Load wduced along the mechanical axis of the
femur, with the load vector intersecting the fenhtiead and the epicondylar center. Each
construct was loaded in 50-N increments up to 7@axesponding to approximately one body
weight.

Outcome Assessment: Constructs were characterized by determining gmistruct

stiffness and interfragmentary motion using nontachoptical photogrammetry. For this
purpose, an array of four active luminescent markensisting of miniature light emitting
diodes were glued to the osteotomy surfaces. Amd@apixel digital camera (Canon EOS T6)
captured the marker locations with a resolutiof.0flmm after each incremental loading step.
ImageJ quantitative image analysis software deeeldyy the National Institute of Health
(www.imagej.net) was used to extract marker diggg@ent and to calculate the average axial
motionds and shear motiods between osteotomy surfaces in response to incraiiead steps.
Since plate bending induces different amounts @flamotion at the near cortex and far corféx,
axial motionda was extracted individually for the near cortéx (c) from markers 1 and 3, and
for the far cortexda rc) from markers 2 and 4, as depicted in Supplem@®itatal Content 1.
Construct stiffnes§c was calculated by dividing the applied axial I@ythe axial motiord, at
the midpoint between the near and far cortex, @itk (da rc + da nc)/2.

Satistical Analysis: All results are reported as their mean and stahdeviation.

Construct stiffnes§: and interfragmentary motion parametéssda rc, andda rc of the four
experimental groups was statistically comparedh&olOCKED control group results using one-
way ANOVA testing including a post-hoc Turkey’s H$&®identify significant differences.

Each outcome parameter was analyzed individuatig,aalevel of significance af=0.05 was

used to detect significant differences.

Results
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Construct Stiffness: There was no significant difference between tHénstss of
LOCKED control constructs (2998361 N/mm) and NON-LOCKED constructs (254355
N/mm, p=0.08) (Table, Supplemental Digital Cont2tittp://links.lww.com/BOT/A994,
summarizing construct stiffness and interfragmenaotion). However, compared to the
LOCKED control group, BRIDGE group constructs hatb&o lower stiffness (p<0.001), FCL
group constructs had a 62% lower stiffness (p<0Q,001d ACTIVE group constructs had a 75%
lower stiffness (p<0.001) (Figure 3).

Axial Interfragmentary Motion: In each groupnear cortexmotiondancwas smaller than
far cortex motiordarc (Figure 4). Near cortex motion in response to loogy-weight loading
(700N) was the same for LOCKED control construcid SON-LOCKED constructs (0.19
0.02 mm, p=0.85), and remained below the 0.2 mml axotion threshold required for callus
stimulation. Compared to the LOCKED control grodgyc was two times greater in the
BRIDGE group (p<0.001), over four times greatethie FCL group (p<0.001), and over 7 times
greater in the ACTIVE group (p<0.001). Similarlgy fcortex motion was not significantly
different between the LOCKED control group (08©.04 mm) and the NON-LOCKED group
(0.46+ 0.08 mm) (p=0.07). However, compared to the LOCKteDtrol groupdarc was 73%
greater in the BRIDGE group (p<0.001), 105% gre@mt¢ine FCL group (p<0.001), and 303%
greater in the ACTIVE group (p<0.001).

Shear Motion: Shear motiords remained below 0.2 mm in all groups except in the
BRIDGE group, which exhibited on average 0:98.14 mm shear motion in response to one
body weight loading (Figure 5A). In BRIDGE constigjc¢his magnitude of shear motion was
50% greater than the corresponding far cortex mpaad over three times greater than the near
cortex motion. Using image analysis, shear-dominastion in BRIDGE constructs was

attributed to rotation of the femoral diaphysisward the proximal plate segment due to plate
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bending under axial loading, which caused the pnakiosteotomy surface to be translated

towards the locking plate (Figure 5B).

Discussion

Results confirmed the study hypothesis by dematmsgyhat the four dynamization
strategies yielded not only different amounts afstauct stiffness and interfragmentary motion,
but also different types of interfragmentary motion

LOCKED group results confirmed that a locking plaiéh a short bridge span results in
deficient and asymmetric interfragmentary motiondallus formatior?: ***“%hile one body-
weight loading may be excessive for early post-ajpe loading, it resulted only in 0.1 mm
motion at the near cortex. This motion remainedwehe 0.2 mm motion threshold that has
been established as the lower boundary for fracturon required to promote callus
formation®’ This result is supported by seveirabivo and clinical studies that demonstrate
suppression of callus formation and healing anéar cortex adjacent to a locking pléte? %°
The far cortex motion was greater than measur#ueatear cortex, likely secondary to plate
bending. Clinically, the increased far cortex motioay allow callus to form, but the repetitive
bending may also play a role in eventual fatiguleifa of the plate before fracture healing
occurs.

NON-LOCKED constructs represent an intuitive resggoto the stiffness concern
associated with locked plating by reverting to hacking screws in the diaphysis. However,
substituting non-locking diaphyseal fixation hadsngnificant effect on construct stiffness or
interfragmentary motion. This may be explainedhmyitigid compression of the plate onto the
bone surface, which is required to retain stablation. Compressing the plate to the bone
prevents any motion at the plate-bone interfacechvis a prerequisite to induce symmetric

interfragmentary motiof In contrast to locked plating constructs, thefrsi$s of a non-locked
8



201 construct will gradually decay as a result of dyialmading?’ While this can lead to increased
202 fracture motion over time, the resulting unconedlmotion is not a reliable strategy for

203 dynamization. Additionally, the natural fracturealieg process responds with much more robust
204 callus formation when exposed to early motion redato delayed motiof

205 BRIDGE constructs resembled the earliest and mailywproposed strategy to

206 dynamize locked plating constructs. In a biomeoterstudy, Stoffel at al reported in 2003 that
207 axial stiffness of locked plating constructs wasniyainfluenced by their bridge spafiThey

208 recommended that one or two holes should be onutteshch side of the fracture to allow callus
209 formation. They found that omitting two holes male construct almost twice as flexible, but
210 also 42% less strong. The present study found agthfitess reduction by omitting two screw
211 holes. However, the greater flexibility of the l@mndpridge span increased motion primarily at the
212 far cortex, while near cortex motion remained defit. In addition, the longer bridge span

213 induced up to three times more shear motion that enotion. While shear motion does not

214 necessarily inhibit healinf; **several studies have shown that excessive or@rerént shear
215 motion will significantly delay healin$’ *' A recent study on the effect of bridge span on

216 fracture motion also confirmed a disproportionaieréase in shear motidhBy analyzing sixty-
217 six distal femur fractures stabilized with lockiptes, they furthermore established a direct
218 association between shear-dominated fracture matidrcallus inhibition. Their findings,

219 combined with the results of the present study tjpreshe technique of increasing the bridge
220 span to dynamize a locked construct, since thisweaken the construct, and may cause

221 asymmetric axial motion and excessive shear makianinhibits fracture healing.

222 FCL and ACTIVE group constructs reduced stiffnesspared to the LOCKED control
223 group by 62-75% to 1130 N/mm and 759 N/mm, respelsti Nevertheless, their stiffness

224 remained substantially higher than the stiffnesgesof 50-400 N/mm reported for external

225 fixators™ 3*and llizarov frame& The fact that external fixators and llizarov franaee



226 established clinical tools that promote fracturalimg by callus formation suggests that the
227  stiffness reduction of FCL and ACTIVE constructsather conservative and does not introduce
228 excessive dynamization. FCL and ACTIVE construatsamced interfragmentary motion at the
229 near and far cortex well above the 0.2 mm threshekted to stimulate callus formation. The
230 highest axial motion of 1.1 mm was observed afdheortex of ACTIVE constructs, and

231 remained at the lower limit of the 1-4 mm motionga reported for functional braciigMost
232 importantly, FCL and ACTIVE constructs deliverechdynization that was dominated by axial
233 motion, not shear motion. These constructs all@eraw to be placed close to the fracture site
234 without affecting stiffness, and therefore limiethmount of shear motion possible. The

235 controlled axial dynamization provided by FCL an@RAVE constructs delivers faster and

236 stronger healing. In an ovine fracture healing gtdCL constructs induced consistent and
237 circumferential callus bridging and yielded 157%@stier healing compared with standard

238 locked plating. Clinically, a prospective study of 31 consecutiigtal femur fractures stabilized
239 with FCL constructs reported no implant or fixatiafure, an average time to union of 16

240 weeks, and a nonunion rate of 3%&imilar to FCL constructs, ACTIVE plating inducsit

241 times more callus at 3 weeks post surgery, andgtefour times stronger healing compared to
242  rigid locked plating in an ovine fracture healirigdy ?° Thesein vivo and clinical studies of

243 FLCand ACTIVE plating constructs demonstrated twatitrolled axial dynamization reliably
244  promoted natural fracture healing.

245 Results of this study are limited by the use afidie surrogates. Validated surrogates
246 were employed to extract relative differences betweonstructs under highly reproducible test
247 conditions®® Since the surrogates represented a strong, nepgmbtic femur, results may not
248 be extrapolated to fracture fixation in the ostewpéemur. Moreover, this study only

249 investigated construct stability in terms of st#s and related interfragmentary motion, without

250 loading constructs to failure to determine thaiesgth. The strength of the tested constructs has
10
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been evaluated in previous studies, showing tltaéasing the bridge span will decrease
construct strengtff, while the strength of FCL and active plating comsts is comparable to that
of standard locked plating construété’ Testing was furthermore limited to static loadiagd

did not investigate gradual loosening or fatigueaistructs under dynamic loading. Moreover,
this study has been limited to a principal loadimgde that combines axial compression and
bending, but not torsion. Only plates made of &amsteel were tested, which are
approximately twice as stiff as geometrically eglént plates made of Titanium alloy. While
results of this study raise concerns on the negatfect of shear-dominated interfragmentary
motion on fracture healing, this concern shoulddomally investigated in a futune vivo study.
Most importantly, emerging implant technologiestiten provide controlled dynamization will
require more clinical studies to document theieefon fracture healing, and to better define the
range of interfragmentary motion that will promogmaling of different fracture patterns at
specific fracture locations.

In conclusion, results of this study indicate tinitive technical tricks, such as
reverting to non-locking screws or using long pdate maximize the bridge span may not
reliably achieve relative stability and adequaterninagmentary motion for promote natural
fracture healing. Conversely, engineered implahitems in form of FCL screws or active
plates can reliable dynamize a locked plating caosto stimulate fracture healing. As such,
results should encourage implant manufacturersoldge engineered solutions that reliably
promote rather than potentially hinder fracturelingeto avoid the need for and uncertainty of

technical tricks intended to optimize construcbaity.
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Figure Captions
Figure 1. Strategies to dynamize a locked plating cons{iuOICKED) for distal femur

fractures.

Figure2: A) Distal femur plate with alternating locked amah-locked holes; B) three distinct
screws used with standard femur plate; C, D) agilate with screw holes located in elastically

suspended sliding elements.

Figure 3. Construct stiffness achieved with the four streedor plate dynamization, relative to

the LOCKED control construct.

Figure 4. Axial motion at the near and far cortex, achiewgtth the four strategies for plate

dynamization, relative to the LOCKED control constr

Figure5: Resulting transverse shear, resulting from the $tnategies for plate dynamization,

relative to the LOCKED control construct.

Supplemental Digital Content
Figure, Supplemental Digital Content 1, depicting the quasi-physiologic loading setup (A),
and the marker array to quantify shear motgrand axial motion at the near cortelx {c)

and far cortexdp, rc) of the fracture (B,C).
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Table, Supplemental Digital Content 2: Summary of results for construct stiffness and

interfragmentary motion.
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Screw type
Bridge length

Plate type
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