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Abstract (250)

Increasingly, the rat femoral fracture model isnigeused for preclinical investigations of
fracture healing, however, the effect of gap sizé &s influence on mechanobiology is not
well understood. We aimed to evaluate the influerfcesteotomy gap on osteotomy healing
between the previously published extremes of gueeahunion (0.5mm) and non-union

(3mm) using this model.

A femoral osteotomy in 12-14 week old female Wistds was stabilised with a micro fixator
(titanium blocks, carbon fiber bars) with an osteay gap of 1.0mm (n=5), 1.5mm (n=7),
2.0mm (n=6). After five weeks, the left femur wasrieved. The osteotomy gap was scanned
using X-ray microtomography and then histologica&isaluated. The radiographic union rate
(complete mineralised bone bridging across theotstey) was three times higher for the
1.0mm than the 2.0mm gap. The 1.0mm gap had thedarallus (0.069ufh and bone
volume (0.035urf). Callus and bone volume were approximately 50%lsm within the

2.0mm gap.

Using cadaveric rat femurs, stabilised with theeexal fixator, day O mechanical assessment
of construct stiffness was calculated on matetedting machine displacement vs load output.
The construct stiffness for the 1.0, 1.5 and 2.0gaps was 32.6+5.4, 32.5+2.4, and 32.4+8.3
N/mm (p=0.779). Interfragmentary strain (IFS) wafcalated using the change in osteotomy
gap displacement as measured using microstrairatanel differential reluctance transducer
spanning the osteotomy gap. Increasing the gap Smmificantly reduced the
interfragmentary strain (IFS) (p=0.013), The meday' 0’ IFS for the 1.0, 1.5 and 2.0mm

gaps were 11.2+1.3, 8.4+1.5 and 6.1+£1.2% respdgtive

A 1.5mm gap resulted in a delayed fracture hedbind weeks and may represent a useful

test environment for fracture healing therapy. éasing gap size did not affect construct
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stiffness, but did reduce the ‘day 0’ IFS, with @ubling of non-union and halving of bone

volume measured between 1.0 and 2.0mm gaps.

KEYWORDS (6)

Interfragmentary strain, Fracture biomechanics, dRtdDelayed-union, Non-union, Fracture

healing

1.1 Introduction

Pre-clinical experimental studies frequently uséaykd or non-union models to evaluate a
therapy (Garcia et al., 2013). These are typicatlyated by either mechanical instability,
damaging the vascular supply or introducing maltéoi@revent bridging (Mills and Simpson,
2012). The most common method is to establisht@alrsized defectwvhich is defined as the
minimum amount of bone loss that will not heal byné formation during the animals
lifetime (Schmitz and Hollinger, 1986). Historioallstudies investigating fracture biology
and mechanics have been dominated by large animdklsy typically sheep and goats,
however the use rodent models has significantlyemsed to nearly 50% of all fracture
studies over the last two decades (Garcia et@L3) and the rat is used for around one third
of all in vivo fracture studies (Mills and Simpsd12). The size of a ‘critical sized defect’
in rats varies between studies, and reflects in {her differing mechanics of their chosen
stabilisation, and whether periosteal strippingesformed. Typically, researchers have used
defects of up to 8mm and as low as 0.5mm in ratdra studies (Garcia et al., 2013; Mills

and Simpson, 2012).

External fixators are commonly used to stabilisdefect due to their ease of application,
minimal interference with subsequent analysis aralr tpotential to alter the mechanical

environment throughout the experiment. However, {iterature on rodent fracture
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biomechanics using external fixators is limitedeThost common fixators in use for rodents
are the thermoplastic polyether ether ketone (PEEGKt fixator from the AO Research
Institute Davos (Glatt and Matthys, 2014), whiclc@nmercially available and the titanium
alloy ‘Harrison style’ fixator(Harrison et al., 2B0Ho et al., 2014; Lee et al., 2005; Smitham
et al., 2014). The more rigid Harrison fixator (@®aClouard et al., 2018), is a unilateral
uniplanar fixator with a double carbon fiber contiveg bar, which has the novel function of
permitting variable gap size, by sliding the adabé® distal titanium block along the bar. This
approach to varying gap size maintains the pinsteaiomy gap distance irrespective of gap
size, whereas other micro fixators require an ¢steyg of the desired gap distance to vary
said gap. Increasing osteotomy size may also infledoone healing by a potential variation
in bone biology along its length (diaphyseal to apétyseal). The Harrison style fixator has
previously showed consistent union with a 0.5mm g@agh consistent non-union with a 3mm
gap with a rat femoral osteotomy after 5 weeks (idan et al., 2003) and in female adult
wistar rats (Lee et al., 2005; Smitham et al., 20IBhe AO fixator is considerable less stiff
(Osagie-Clouard et al., 2018) and although studeseerally use controls, direct comparison
of results on the biology of fracture fixation ugidifferent fixators is probably inappropriate

due to the difference in their mechanics and heliféerences in healing.

Numerous studies have tested their hypotheses ostegtomy gaps in the range of 1-2mm
in rats, however the biomechanics have only beafuated with FE modeling (Wehner et al.,
2014). Currently, no studies have made a sequeewiauation of intermediary gap sizes
between guaranteed healing, delayed union and nmmuto identify the point at which

delayed union occurs. Inherently, the biomechawicshe fixator, including the fracture

(osteotomy) gap interfragmentary strain (IFS) (Ber1979), and overall construct stiffness,
will affect the outcome. In order to understand thelings from one study to another,

evaluation of the fracture biomechanics would lgghlyi informative.
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Clinical fractures heal more slowly than expected are termed delayed unions and some
may fail to heal at all and are termed non-uniokkany pre-clinical studies evaluate
interventions in models that go on to successfubmnand therefore may not be an
appropriate test scenario. Likewise, the non-umiaiclinical model may be too challenging
to demonstrate efficacy of a new treatment andetbez the delayed union may a useful test

environment in pre-clinical studies.

The hypothesis for our study was that a delayedrutype healing would be seen in a gap
size midway between the published established uatidh5mm and non-union at 3mm when
using the Harrison style fixator at 5 weeks (Hami€t al., 2003; Ho et al., 2014; Smitham et
al., 2014). The objectives were to assess theuimdtealing with three intervening gap sizes
and to determine the potential variation in initmlechanical environments in terms of

construct stiffness and interfragmentary strain.

2.1 Methods

2.1.1 Fixator Design & Application

The Harrison style fixator is a unilateral uniplan@ype la) external fixator with two
transcutaneous intraosseus pins proximal and tm®ghstal to a surgically created osteotomy.
It has a double connecting bar (2mm diameter cafitb@n; epoxy resin matrix bars) with two
titanium connecting blocks which can slide axialpng the bar, and secured in position
using miniature grub screws, allowing alterationtlué osteotomy gap size (Figure 1). This

gives a consistent positioning of the pins in tlod and a consistent distance from the
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osteotomy, but varies the bar working length (leagth between the two fixator blocks), as

the osteotomy is increased.

Female Wistar rats, 12-14 weeks old (230-300g) Hzel fixator placed on the left
craniolateral femur following a lateral surgicalpapach (Harrison et al.,, 2003). Using a
precision jig-guide, four bicortical 1.4mm diametard-threaded self-tapping stainless steel
pins were placed in predrilled 1.0mm holes in aniaato caudal orientation. Consistent
proximodistal positioning was based on the disxam@t of the greater trochanter. Pins were
exited through separate skin incisions and theooustariable spacing fixator was attached,
using a precision spacer to ensure a fixed disteetween the near cortex and connecting
blocks of 9mm. A mid-diaphyseal femoral osteotomnith no periosteal stripping was made
using a diamond tipped hand-saw, whilst applyiregilst saline coolant/lubricant. Rats were
then randomly assigned to have a 1.0mm, 1.5mm @mrd. osteotomy gap using an
appropriately sized precision spacer placed betvileerends of the osteotomised bone, and
the grub screws were tightened. The biceps fenwais closed over the osteotomy with a
single horizontal mattress suture (1.5M PDS Il,i&th), and the skin was closed with an
intradermal continuous suture (1.5M monocryl, Ebhic Analgesia was provided with
subcutaneous administration of buprenorphine 0.@kgngrior to surgery, then three times
daily for 48 hours per os, within a sweetened jelgtivity was unrestricted post surgery for
5 weeks until euthanasia. All procedures were edrout in accordance with the Animals
Scientific Procedures Act 1986, were approved gy Wmiversity’s Animal Welfare Ethical
Review Board and were aligned to the ARRIVE guitedi. Those taking part in any surgical

procedure held UK Home Office licences.

2.1.2 X-ray microtomography (MicroCT) and Radiography
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After 5 weeks, the left femur with the fixator idape was retrieved. In order to reduce
microCT beam-hardening artifact generated fromitieraction of the X-ray beam and the
metallic implant, a radiolucent PEEK fixator bloakas connected externally to the fixator
pins after careful removal of the skin with surrdiny soft-tissues, and then without
disturbing the fracture callus the titanium blogkator was then removed. Samples were
fixed in 10% buffered formaldehyde for up to thseys. The formalin fixed samples were
wrapped in cling-film to prevent dehydration andunted into a sample holder for microCT
scanning. Samples were scanned using a Bruker &kyst72 micro-tomograph (Bruker,
Belgium), at 60KV, 167uA with a 0.5mm aluminum déilt A rotation step of 0.5 degrees,
without frame averaging, and an image pixel sizé.89um was used. A single image capture
image was taken with the image intensification tgtprior to scanning, for 2D radiographic
assessment of the osteotomy union. Radiographiotsagere randomised and blinded to
score healing according to the AO-ASIF recommendatior long bone fractures; united, not
united or uncertain (Muller et al., 1979) as follbwnunited (Figure 2, 2.0mm osteotomy b))
where there was no mineralized tissue bridging betwthe ends of the osteotorggertain
(Figure 2, 1.5mm osteotomy b)) where there was bbeme formation, however a radiolucent
line remained between the proximal and distal segspeandunited (Figure 2, 1.0mm

osteotomy b)) where no gap between bone ends \s#wevi

MicroCT scans were reconstructed using NRecon @ruBelgium) with smoothing=2, ring
artifact reduction=12% and beam hardening artifét¥s. Analysis was performed with
CTAnN (Bruker, Belgium). Using the measuring todle tcentre point of the osteotomy was
determined and the transverse slice at that paastselected as the reference slice. The callus
was isolated using a 2D ROI shrink wrap stretctomgr holes <40 pixels, despeckled <150
voxels and then 3D analysis was performed. In or@enake a direct comparison of healing

between the differing gap sizes, the central 60%hefosteotomy gap. i.e. only new bone



164 formation within the osteotomy was analysed forhesize, which translated to 120, 180 and
165 240 slices at 5um slice thickness, giving 0.6mmnln and 1.2mm osteotomy gap analysis
166 for the 1.0, 1.5 and 2.0mm gap respectively. Whalbsolute measures were made in
167  quantitative morphometrics, such as total bone meluBV), these were divided by the

168 number of slices contributing the analysis for egah size, to allow for a direct comparison

169 of bone formation despite analysing different voaam

170  2.1.3 Histology

171 Following CT imaging, bones were decalcified in a2.526 solution of
172  ethylenediaminetetraacetic acid then sequentiadlyydrated for 24 hours, followed by de-
173  fatting with chloroform for 48 hours and embeddetd iwax, with the fixator pins orthogonal
174  to the facing surface of the block. Fixator bloek&l pins were removed once the wax had set
175 and a microtome (ThermoFisher Scientific, UK) wa®d to make [Gn thick slices. The
176  alignment of the blocks within the microtome wateid as necessary to ensure a central
177  sagittal slice through the femur. The position ofid-sagittal section through the fracture gap
178 was assessed using the fixator pin tract holes. ¥l@es were mounted onto positively
179 charged glass slides (X-tra, Leica biosytems, Uk;waxed and then hydrated. Samples
180 were then stained with Haematoxylin (Sigma-Aldrith) nuclear stain for five minutes.
181 Excess stain was removed by gentle washing witrewtdr five minutes. Slides were
182  counterstained in 1% Eosin (Sigma-Aldrich, UK) fmur minutes and then washed and
183 dehydrated in increasing concentrations of alcol®lides were cleaned in xylene and

184 mounted under 40mm coverslips using Pertex Mouriledium (CellPath plc, UK).

185  2.1.4 Histomorphometric analysis

186  Slides were observed under a light microscope (B&-Zeiss, UK). Histomorphometric

187 analysis at 2.5x magnification was performed onrtiost central slice, using a line-intercept
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method with a grid scaled to the graticule and drawing PowerPoint (Microsoft, USA).

The grid covered the entire visual field from topbbttom (lateral to medial cortex) and was
centered over the osteotomy; its width was equntate the original 1.0, 1.5 or 2.0mm

osteotomy. Grid squares were 160um in both dirastend intersections, giving 75, 120 and
165 intersections evaluated for the 1mm, 1.5mmaafAcm gaps respectively. Intersections
were then scored as bone, cartilage, fibrous tjssascular (red blood cells seen not within
tissue matrix) or void based upon Hematoxylin armusiik uptake and cell morphology to

provide a percentage tissue formation.

2.1.5 Assessment of fixator biomechanics and immediate IFSat day O

The fixator was placed as per the surgical desonpin the femora of cadaveric 18-20 week
old Wistar rats (n=4). Femora with the fixatorIsttached were then disarticulated at the hip
and stifle and stripped of soft-tissue attachmehisorthogonal (lateral to medial orientated)
0.8mm bicortical hole was drilled between the twoxmmal and two distal fixator pins. A
microminiature differential variable reluctancensducer (DVRT - accuracy 0.001mm) (Lord
MicroStrain, model 6101-0200, Williston, USA) wadeh inserted and fixed in position using
cyanoacrylate glue, to quantify fracture movemeingire 1). Femurs were biomechanically
tested using a materials testing machine (ZwickllIR®9E, UK). They were mounted in an
axial loading jig with the femoral condyles centmeer the lower mount and the upper mount
was centred over the femoral head to simulate aiplogical loading axis of the femur along
its mechanical axis. This set-up effectively tedtesl entire construct of fixator and bone as a
single unit. Three gap sizes were evaluated perigga; 1.0mm, 1.5mm and 2.0mm. The
distal fixator connecting block was loosened tmwllinsertion of the precision titanium

spacer and then tightened again. The space washtiegsked a second time prior to loading
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and again between each repeat by ‘offering-up’ dpacer to the gap. Care was taken to

ensure the gap was even across the width of tkeetoshy.

The peak vertical force for each hind limb in re&s60% bodyweight at the walk(Clarke,
1995). A maximum weight of 300g for an individuak was seen in the in vivo study and
therefore peak-walking load was assumed to be 1A8dingle cycle non-destructive test was
performed, with a preconditioning load of 0.5N |d@led with loading to a maximum of 10N
in compression at 5Smm/min, sampling rate of 50Hze Tirst cycle was disregarded and then
four repeats were performed per gap size, per sanile sensor (DVRT) output (i.e.
millivoltage changes) was recorded and the diffeeepre and at peak load was determined.
This was then converted into a displacement acegridi manufacturers calibration equation.
The pre load and peak load lengths were then wsedltulate IFS based on change in length
divided by the original length. Fixator—bone coustrstiffness was determined from the load-
displacement graphs obtained from TestXpert so#w@fwick, Roell, UK). A linear
regression line fj was calculated for the linear portion arfd >0.99 was considered
appropriate for the linear elastic region. The gratl(m) was determined based on a y=mx+c

equation and gave the stiffness.

2.1.6 Satistical Analysis

Fishers Exact was used to compare the fracturénigealitcome. Normality was determined
using a Shapiro Wilk test and non-parametric tesi®e performed to compare groups using
Kruskal-Wallis (KW), and Mann-Whitney U (MWU) perimed with Bonferroni correction
applied (alpha = 0.05 / number of comparisons)uResvere expressed as means + standard

deviations. Tests were analysed with SPSS verglqiiBM, Chicago, USA).
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3.1 Results
3.1.1 Radiographic and microCT assessment of healing

As the gap size increased there was an increasieeirAO classification of ununited and
uncertain fracture classifications and a concorhiti@erease in united rates, with the ununited
rate more than doubling (Table 1, Figure 2b), haawethis was not significantly different
with Fishers Exact comparison. On MicroCT quantamorphometric analysis, the 1.0mm
gap size had a larger callus volume (0.069+0.03%uand bone volume per slice
(0.035+0.02um); than for the 2.0mm gap size (0.029+0.03 and®0D2uni respectively -
Figure 2a & 3). Tissue surface area per slicengian index of callus size, was higher in the
smallest 1.0mm gap (0.41+0.229)nthan the largest 2.0mm (0.14+0.12)nThe measured
trabecular thickness was higher in the smaller @ap than the larger 1.5mm gap
(0.055£0.01um and 0.044+0.01um), however it in@daagain when the gap size increased

to 2.0mm (0.057+0.02um). Full microCT results armmarised in Table 2.

3.1.2 Histomorphometric analysis

As gap size increased, the area occupied by botienwhe callus decreased, and fibrous
tissue increased (Figure 2c, d). Cartilage tissag kighest in the mid-sized gap, however, the
amount of fibrous tissue was still lower than thggest gaps. None of these trends were

statistically significant (Table 3 and Figure 49wever clear trends were identified.

3.2 Mechanical analysis
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The meanzSD stiffness of the four osteotomised femith the fixator in situ for the 1.0, 1.5
and 2.0mm gaps were 32.6+5.4, 32.5+2.4, and 3234M8nm (Figure 5); the gap size over
the ranges tested had no impact on the constnfittess (p=0.779), however gap size did
significantly reduce the IFS in the gap (p=0.01Bjgure 6). The mean+SD % IFS for the 1.0,

1.5 and 2.0mm gaps were 11.2+1.3, 8.4+1.5 and %ttespectively.

4.1 Discussion

Using the rigid Harrison style micro external fizgtthis study demonstrated a predominant
delayed union scenario with an osteotomy gap ahinfafter 5 weeks, when compared with
previously published studies using the same fixatar a 0.5mm gap (Harrison et al., 2003;
Smitham et al., 2014). This study also showed emJgap leading to a predominance of
union and the 2mm resulting in a delayed union aittatrophic appearance, indicating non-
union, but our study duration was not of sufficilrtgth for an unequivocal definition.
Within each group there was greater variation alihg pattern than shown in the published
0.5mm and 3mm gaps. Most of 2mm fracture gaps hadraphic style non-union with
medullary capping and a fibrous tissue connectiomever it must be considered that a
longer duration study would be required to fuldilirrent time definitions of delayed union
(Garcia et al., 2013). This study had an end pafidt weeks to allow comparison to previous
studies that used the same fixator and showed -aniom with a 3mm and union with a
0.5mm osteotomy and the same fixator (Harrison.e2@03; Ho et al., 2014; Smitham et al.,
2014). Under normal circumstances, rat femoraltrachealing should be achieved by 5
weeks, therefore lack of union indicates delayedasr-union at this stage. Uncertain and un-

united radiographic categories are determined bydliographic appearance of the fracture
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are technically both delayed union, as our stuahtsof sufficient duration to use the term
non-union, and hence it was avoided. A longer stuidy sequential culling may have given
more information on the rate of healing. This woliéve allowed us to understand whether
fracture healing is reduced by increasing the gaptally arrested, however in terms of being
informative for rodent fracture healing studieshatigpically end points of 5-6 weeks, this
was considered unnecessary, and would have usexlanwnals, contrary to the principles of

the 3Rs.

The fixator used in this study has been shown teifpaficantly stiffer at 4.7 times the axial
stiffness of the commercially available AO fixaf@sagie-Clouard et al., 2018), and hence
will have provided a relatively more rigid fixatiomterestingly, increasing the fracture gap,
which increases the working length of the carbdrerfibars did not have any statistically
significant effect on construct stiffness, indigatiof the relatively rigid fixator design
compared with the physiological forces it withstan®fery minor influence on stiffness is
possible, however the group sizes required to oter if extremely small changes were
statistically significant would be prohibitivelyrige. This is useful as it provides an ability to
investigate the influence of gap size in terma®biological impact and the variation in IFS,

without influencing construct stiffness.

The impact of gap size on the healing in this pakir model system may be driven by the
biological impact of the gap size on tissue healnagher than its mechanical effects. Large
animal models have shown that increased fractups gdth the same IFS had reduced
vascularisation and hence diminished biologicalitstio heal (Claes et al., 2003). However,
other studies quantifying blood vessel formatiomenahown no difference between atrophic
non-unions, hypertrophic non-unions and healingtinees (Reed et al., 2002), although
vessels appear at a later stage and therefore wsbtularisation may be key (Reed et al.,

2003). The histology in this study also showed mastient level of vascularisation between
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different gap sizes and their subsequent healites falowever, the histologic analysis was
performed at five weeks and therefore it is coraeli® with an increasing gap size that the
time required for vascular development could begénand perhaps critical blood vessel

density it not reached at a sufficiently early tifr@me.

Despite the commonplace role of rodents in fractuealing research, most studies have
evaluated the influence of IFS on fracture healiritlp large animal models in vivo (Claes et
al., 2003, 1997; Claes and Heigele, 1999) or usiagnodel (Comiskey et al., 2010; Steiner
et al., 2014; Wehner et al., 2014). With the insne@ use of rodents in bone healing studies,
an understanding of the mechanical environmeneedead in rodents. This is the first time
such measures have been directly and accuratelgumeghin an ex vivo study in rats, with a
micro-miniature differential variable reluctancansducer (accuracy 0.001mm). The use of a
highly sensitive displacement transducer shoulce givmore accurate measure than those
based on the materials testing machine actuatpltagsment. However, we acknowledge that
the transducer is measuring displacement in the aiithe transducer and this could vary
across the bone gap itself. Additionally, the exantoral alignment would also differ in vivo,
but approximations are required to test in a malteéasting machine. The in vitro tests to
measure IFS were carried out with the load axiallgned. Due to the orientation of the
femur in the live animal, bending and torsional neos would induce strain. Alignment of
the transducer along a different plane on the fesgain may have produced differing results,
however our tests showed that a reduction in IFS mgkated to an increase in delayed union
indicating that the IFS may be an oversimplificati€ritically, the set-up considerations
noted are consistent across the gaps tested, ano@ tieeir comparison is still informative.

Future studies could make consideration of multgdege assessment to build a composite
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assessment of interfragmentary motion. It woule dde useful to make an ex and in vivo

comparison this fixator to AO/Glutt fixator for Herey over different gap sizes.

It should also be noted that the cadaveric femunewn the 18-20 week range whereas the in
vivo study rats were 12-14 weeks old. This was art plue to a consideration of 3Rs, and
although the physes remain open throughout thess #&oach et al., 2003), growth is
substantially decelerating, and overall limb lengtlas not expected to change much.
Furthermore, the IFS was calculated using a dispt@nt gauge and fixator which was placed
at a standard distance from the osteotomy irresgeof the overall femoral length, hence

creating a consistent biomechanical environment.

In a system where the fixator stiffness is unaffdcby increasing gap size, and hence the
change in gap length for a given load is consigtéf$ will arithmetically reduce as the
denominator gap size increases. However, asses@héme initial IFS did not indicate the
subsequent pattern of healing as predicted by ®PerheS theory of fracture healing (Perren,
1979). IFS theory predicts for a given interfragtaeyn movement, the bigger the gap, the
lower the IFS, if all other factors remain unchahgdowever, large gaps and critical sized
defects, even when fixed very rigidly do not heald consistent with these findings, there
was a doubling of ununited fractures and halvingafe volume, with an associated increase
in cartilage in the 1.5mm gap and fibrous tissuéhiwithe 2.0mm osteotomy as the gap
increased from 1mm. This corresponded to a ‘dagiuivalent’ measure of IFS from 12% to
6% respectively. Overall, the groups with the sngdbs and an initial IFS >10% had
improved healing than those with big gaps and & <4E0%, suggesting gap size biological
factors may overwhelm mechanical factors. Someelargmal studies with known gap sizes
and interfragmentary movements have also shown dmwe healing with IFS >2-10%
(Claes et al., 1995; Kenwright and Goodship, 198%es et al showed that a high initial IFS,

above the Perren 10% threshold resulted in incdeeaktus formation, however, a larger gap
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had less bone formation for the same initial st(@taes et al., 1997). However, although
initial IFS is important in the extreme, when acttae occurs, an established sequence of
events follows (Elliott et al., 2016), with an aitdeposition of strain tolerate tissue, such as
granulation tissue, followed by sequential depositof more strain intolerant tissues. The
wide tissue cuff or ‘callus’, seen in indirect frae healing, stiffens the gap, and further
increasing fracture stability and reducing IFS (Ber 2015). When looking at the bone
surface measures (BS) and tissue surface (TS) mesasao microCT, there was a trend for a
smaller callus as the strain reduced, potentiatigsestent with a bigger callus cuff being
required when there is a higher IFS. Various motaise expanded upon the work of Perren.
Carter and Blenman, suggested that it is not dmyamount of strain, but the way the strain
is applied, be it in compression, tension, shead, farther that the degree of vascularisation
plays influence (Carter et al., 1988). Their firtlement model also accounted for eccentric
callus formation with an asymmetric cartilage défpa@s, which was noted in some of the
samples in this study. They suggested this wasalvarying hydrostatic forces with a more
‘compressive microenvironment’ producing more ¢age and a ‘tensile’ environment would
have less callus with a more fibrous characters Thiconsistent with the types of loading
patterns that will be developed within an osteotoafiythe rat femur with its eccentric
mechanical axis and the use of a unilateral extdixetor. Prendergast suggested a further
iterative model with two biophysical stimuli; fluidelocity and shear strain components,
playing a role in the solid and liquid phases (Eexgast et al., 1997). However, these are all

models and typically approximate in vivo findingstheir extremes.

Other complicating factors such as increasing ahiage (STRUBE et al., 2008) or sex
appear to influence fracture healing in some stgydithough in a study by Mehta et al (2010)

the large difference in bodyweight between female male rats was not controlled (Mehta et
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al., 2010). This study however, had a tightly coliid age range and hence weight, and all

were female Wistar rats.

In conclusion, the fixator design evaluated heravigles stable construct/fracture stiffness
over a range of fracture gap sizes. Increasingsgep did not affect construct stiffness, but
did reduce the ‘day 0’ IFS from 12 to 6%, with audbng of the incidence of non-union and
halving of bone volume measured. This is in conttaghe expected outcome based on IFS
theory, but may be due to the biological impacthef gap size over and above the mechanics
in this model system. This is the first study t@lerate and directly compare a range of gap
sizes between guaranteed union and non-union adent femoral fracture model using the
Harrison style fixator, and the 1.5mm osteotomy gepvided a delayed-union at 5 weeks.
This study provides informative that will be infoafive to researches using Harrison style
fixators for fracture healing studies in rats, amdy allow for more precise selection of gap
size for their investigations than the two extrempesviously published (Harrison et al., 2003;

Ho et al., 2014; Smitham et al., 2014).
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Tables:

Table 1: Global radiographic scoring of fracturalivey at 5 weeks based on the AO-ASIF

system.
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Table 2: MicroCT quantitative morphometry indicéone formation within the 60% of the
osteotomy gap where TV (um”3)= tissue volume, BM4{8) = bone volume, TV/BV (%) =
percentage bone volume, TS (um”2) = tissue sur8dum”2) = bone surface, Tb.Th (um)

= trabecular thickness, Th.Sp (um) = trabecugasation, Tb.N (1/um) = trabecular number.

Table 3: Quantification of tissue formed within tj@ as percentage total tissue from line

intercept analysis of Hematoxylin and Eosin staimed sagittal sections.

Figure Legends

Figure 1: Ex-vivo femur loaded from femoral heacdtmdyles in a materials testing machine
with a cranially applied Harrison style fixator.L&rd microdisplacement sensor was applied

to the lateral surface (1a = lateral view, 1b =dadwiew).

Figure 2: Representative images from the analylstsealing for each fracture gap size. 1a)
Shows the central transverse 5um thick slice froendentre of the osteotomy from microCT
analysis. b) Shows a lateral-medial radiographrednver the two innermost fixator pins and
the osteotomy. c) Shows a 1x magnification imagthefcentral sagittal slice, Haematoxylin
and Eosin stained. d) Shows a 2.5x magnificatioagenof the central region of the femur

with the histomorphometric grid applied for quaatiite morphometry.

Figure 3: Boxplot showing (the average per 5umellimicroCT bone volume (BV um”3),

with the BV reducing sequentially as the gap smeaases.

Figure 4: Quantitative morphometric data from teetcal region of the osteotomy, from the

2.5x magnification Hematoxylin and Eosin stainddes, showing the meanSEM reduction
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in % bone formation as the gap size increases, thighl.5mm gap showing a concomitant

increase in cartilage tissue, but the 2.0mm showingncomitant increase in fibrous tissue.

Figure 5: Line graph showing the meanzSD conststifiness (N/mm) measured, with no

significant change as the gap size increased.

Figure 6: Boxplot showing the change in day O imiadIFS (%) as the gap size increased.
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Gap Size (mm) Ununited Uncertain United
1.0 1/5 (20%) 15 (20%) 3/5 (60%)
15 3/7 (43%) 27 (29%) 2/7 (29%)
2.0 3/6 (50%) 2/6 (33%) 16 (17%)

Table 1: Global radiographic scoring of fracture healing at 5 weeks based on the AO-ASIF system.




1.0mm Gap 1.5mm Gap 2.0mm Gap
TV per dice (um”3) 0.07+0.04 0.05+0.03 0.03+0.03
BV per dice (um”3) 0.04+0.02 0.02+0.02 0.02+0.02
BVITV (%) 54.25+9.38 53.79+20.82 66.39+15.37
TSper slice (um”2) 0.41+0.23 0.35+0.25 0.14+0.12
BS per dice (um”2) 2.09+1.62 1.81+1.22 0.90+0.94
Th.Th (um) 0.06+0.01 0.04+0.01 0.06+0.02
Th.Sp (um) 0.12+0.05 0.07+0.03 0.07+0.05

Table 2: MicroCT quantitative morphometry indicédsone formation within the 60% of the
osteotomy gap where TV (um”3)= tissue volume, BM{8) = bone volume, TV/BV (%) =
percentage bone volume, TS (um”2) = tissue surl8dgum”2) = bone surface, Th.Th (um) =
trabecular thickness, Tb.Sp (um) = trabecular regjmen, Th.N (1/um) = trabecular number.




% TISSUE 1.0mm Gap 1.5mm Gap 2.0mm Gap
Bone 45.6+£33.0 39.1+23.9 23.2+26.6
Cartilage 36.7£22.1 43.1+24.6 37.2+17.9
Fibrous 14.7£30.6 15.3+37.4 36.1+40.8
Vascular 3.0+£1.9 2.4+2.0 3.5+34

Table 3: Quantification of tissue formed within th@p as percentage total tissue from line intercept

analysis of Hematoxylin and Eosin stained mid salgiections.
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