Optimal location for fibular osteotomy to provide maximal compression to the tibia in
management of delayed and hypertrophic tibial non-union
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Highlights

e Fibular osteotomies increase load in tibial fractures and are used to promote/enhance
healing in cases of delayed or non-union

e A novel protocol using a rig was designed to ascertain the ideal location for a fibular
osteotomy, and explained by a beam model

e An osteotomy proximal to the fracture site produces most tibial fracture loading

Abstract:

Background: Tibial shaft fractures are the commonest long bone fracture, with early weight-bearing
improving the rate of bony union. However, an intact fibula can act as a strut that splints the tibial
segments and holds them apart. A fibular osteotomy, in which a 2.5cm length of fibula is removed,
has been used to treat delayed and hypertrophic non-union by increasing axial tibial loading.
However, there is no consensus on the optimal site for the partial fibulectomy.

Methods: Nine leg specimens were obtained from formalin-embalmed cadavers. Transverse mid-
shaft tibial fractures were created using an oscillating saw. A rig was designed to compress the legs



with an adjustable axial load and measure the force within the fracture site in order to ascertain load
transmission through the tibia over a range of weights. After 2.5cm-long fibulectomies were
performed at one of three levels on each specimen, load transmission through the tibia was re-
assessed. A beam structure model of the intact leg was designed to explain the findings.

Results: With an intact fibula, mean tibial loading at 34kg was 15.52 + 3.26kg, increasing to 17.42 +
4.13kg after fibular osteotomy. This increase was only significant where the osteotomy was
performed proximal to or at the level of the tibial fracture. Modelling midshaft tibial loading using
the Euler-Bernoulli beam theory showed that 80.5% of the original force was transmitted through
the tibia with an intact fibula, rising to 81.1% after a distal fibulectomy, and 100% with a proximal
fibulectomy.

Conclusion: This study describes a novel method of measuring axial tibial forces. We demonstrated
that a fibular osteotomy increases axial tibial loading regardless of location, with the greatest
increase after proximal fibular osteotomy. A contributing factor for this can be explained by a simple
beam model. We therefore recommend a proximal fibular osteotomy when it is performed in the
treatment of delayed and non-union of tibial midshaft fractures.
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Introduction

Tibial shaft fractures are the commonest long bone fracture [1], with an estimated annual
incidence of up to 21.5 per 100,000 population [2,3]. Sarmiento [4] and Brown & Urban [5]
described the effective management of mild to severe tibial fractures by cast immobilisation with
early weight-bearing. Although intramedullary nailing is currently the standard treatment for tibial
fractures, the use of early weight-bearing in conjunction remains relevant and has been shown to
improve the rate of bony union and thus be beneficial for healing [6]. However, an intact fibula can
act as a strut that splints the tibial segments and holds them apart, thus limiting the beneficial
effects of weight-bearing [7]. This may be a contributing factor to delayed and non-union in the tibia
after intramedullary nailing, with tibial fractures having the highest risk of non-union among long
bone fractures, with an incidence of up to 7.5% [8].

A fibular osteotomy, in which a 2.5cm length of fibula is removed, has been used to treat
delayed and hypertrophic non-union by increasing axial tibial loading [9,10]. However, there is no
consensus on the optimal site for the partial fibulectomy, with a lack of data on the effect of
osteotomies performed at different levels on tibial loading. This study aimed to investigate the
optimal location for a fibular osteotomy in cadaveric leg specimens by using a bespoke rig and
protocol to measure tibial loading before and after fibulectomy at three different levels. In addition,
the findings are explained using a simple beam model of the leg.



Materials and Methods

Cadaveric tibial loading with an intact fibula

Nine leg specimens were obtained from formalin-embalmed cadavers in the Human
Anatomy Centre, Department of Physiology, Development and Neuroscience, University of
Cambridge. The donors had provided written consent before decease for their bodies to be used in
anatomical research in compliance with the Human Tissue Act 2004. There were 6 males and 3
females, with a mean age of 80.8 years (range 67-93). All specimens included the segment of the
lower limb, with the soft tissue, from the tibial plateau to the talus. Transverse mid-shaft tibial
fractures were created using an oscillating saw.
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Figure 1 The rig used to carry out our experiment. Leg specimens were placed between the brackets
and weights installed on a pulley system (not shown) pulled on the moving bracket, compressing the

specimen.

Arig (Figure 1) was designed to compress the legs with an adjustable axial load and measure the
force within the fracture site in order to ascertain load transmission through the tibia over a range of
weights. Force within the fracture was measured using the Tekscan™ Flexiforce ELF system (Figure
2), which combined a force transducer and software to provide readings in N and kg.
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Figure 2 The force sensor used. A medium range sensor was chosen to maintain an appropriate
sensitivity whilst avoiding the risk of saturating the sensor.

Specimens were placed in the rig and loaded with weights in 2.5kg increments across a
range of 21.5-46.5kg (Figure 3). Six repeats were performed for each specimen. Graphs of mass
sensed in the tibia across the range of added weights were drawn, and tibial loading at 34kg was
then interpolated from the resulting linear trendline. 34kg was chosen as the weight for comparison



of tibial loading at three fibulectomy sites, as it represents half the mean mass of a human being
[11], and is therefore most physiologically relevant.
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Figure 3 An illustration of the experimental set up, showing the specimen within the rig, with
weights added converted to a compressive force through a wire and pulley system, and the force
sensor inserted into the specimen to record tibial loading.

Modelling tibial loading with a beam structure model

A beam structure model of the intact leg was designed using graphic design tools on
Microsoft Excel, comprising an L-shaped beam (tibia and tibial plateau) and a vertical beam (fibula,
Figure 4). The superior tibiofibular joint was represented by a frictionless pin joint, allowing force
transmission but without bending moments. Both beams were supported distally by the same
support (talus), which prevented rotation as well as horizontal and vertical movements. This
structure represented the basic bone structure of the leg, with lengths, areas and material
properties obtained from literature (Table 1 [12-16]). Weight-bearing was simulated by a uniformly



distributed load on the tibial plateau.

Uniformly distributed load L

Regisseating weigtrbening (width of tibial plateau)
B ~ = L 1\
. ‘ l.----/.. -'r/l
~ /
Beam representing s Frictionless pin-joint
~ ~ - "
the tibia & tibial plateau  ~ & & > Wtotal load) » representing the superior
~ PR tibio-fibular joint
-
’ T

L}
]
L}
¥ Beam representing
' thefibula
LIRS
> L d

%

-
-
L d
Lr

Lr

(fibular length)
(tibial length)

B L ELLLLEEEr

/5
5‘ = = = = = Common base,
: representing the talus

Figure 4 A beam structure model of an intact leg.

Performing fibulectomies

The 2.5cm-long fibulectomies were performed at one of three levels on each leg specimen:
(1) distally, at 5cm proximal to the superior aspect of the lateral malleolus, (2) proximally, at 5cm
distal to the lowest aspect of the fibular head, and (3) at the level of the tibial fracture (Figure 5).
Load transmission through the tibia was then assessed on these specimens using the methodology
described above.



Site of proximal
fibular osteotomy

Midshaft
tibial - -
fracture

Site of fibular
osteotomy at
fracture level

Site of distal
fibular osteotomy

Scm

I---4

Figure 5 A diagram to show the location of the artificial fracture and osteotomies.

The beam structure model was adapted for post-osteotomy specimens by inclusion of the
interosseous membrane, represented by an inextensible cord extending from the tibia down
towards the fibula, able to transmit forces only when in tension. This orientation and material
property reflect the in vivo interosseous membrane. Two beam structure models for distal and
proximal fibulectomies are shown in Figures 6A and 6B respectively.
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Figure 6B
Figure 6 A beam structure model of a leg after a fibular osteotomy performed (A) distally and (B)
proximally.

Statistical analysis

Statistical analysis was performed using Graphpad Prism 8. Paired t-tests were used to
compare tibial loading at 34kg before and after a fibular osteotomy for the six specimens as a group,
with unpaired t-tests to compare pre- and post-osteotomy tibial loading for each leg. One-way



analysis of variance (ANOVA) was performed to compare percentage change in tibial loading
between fibular osteotomies performed at the three different levels, with Tukey multiple
comparison test used to compare: (1) proximally vs. distally, (2) proximally vs. at fracture level, and
(3) at fracture level vs. distally. Data are presented as mean + SD unless otherwise stated. A P-value
of <0.05 was considered statistically significant.



Results

Cadaveric and modelled tibial loading with an intact fibula
The mean tibial loading at 34kg for all six specimens was 15.52 + 3.26kg with an intact fibula.
With the beam structure model, due to the static indeterminacy of the model, midshaft
tibial loading could not be calculated through principles of equilibrium alone and required the data
on bone material properties obtained from literature (Table 1).

Table 1

List of constants and variables used in the beam model.

Name Symbol Value Unit Reference
Loading force \\ 333 N (a)
Tibial plateau L, 0.0749 m [12]
length

Tibial plateau B 101 Nm? (b)
bending stiffness

Tibial axial | 0.35052 M [13]
length

Tibial cross- A 2.933%x10+ m? [14]
sectional area

Tibial Young’s |Er 1.5886773%10° |Pa [15]
Modulus

Fibular axial L 0.35306 m [13]
length

Fibular cross- Ag 7.684x10°3 m? [14]
sectional area

Fibular Young’s | Eg 1.4906108%10"° |Pa [15]
Modulus

Midshaft Tibial |F To be calculated | N

loading

(a): For a value of mass added of 34 kg

(b): B is assumed to be large for the tibial plateau, of the order of E; [16]

Applying Euler-Bernoulli beam theory [17] and considering the equilibrium in the system,
the relationship between the applied load (W) and midshaft tibial loading was derived by hand
(Equation 1). Microsoft Excel was then used to calculate midshaft tibial loading with a load of 334N
applied using this equation, calculating midshaft tibial loading with an intact fibula to be 269N, i.e.
80.5% of the original force.
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Equation 1 The derived relationship between applied load (W) and midshaft tibial loading (F). Other
variables and constants are listed in Table 1.

After a distal osteotomy
After a fibular osteotomy at any position, the mean tibial loading at 34kg for all six
specimens was 17.42 + 4.13kg, a statistically significant increase from the specimens with intact
fibulas (P = 0.00439). However, in specimens with a distal osteotomy, whilst an increase in tibial
loading was demonstrated, this was not significant (Table 2, P=0.20336 and P=0.36328).
[Cable 2

Midshaft tibial loading with 34kg applied before and after a fibular osteotomy in each of the
SiX specimens

+

Fibular Pre-osteotomy Post-osteotomy Pre-osteotomy vs

osteotomy | tibial loading (kg) | tibial loading (kg) | post-osteotomy

location significance; P

Distal 1432 +0.68 1522 +147 Not significant
(P=0.20336)

Distal 12.72 +1.60 13.68 + 1.88 Not significant
(P=0.36328)

Proximal 2021 +1.63 23.14+1.96 Significant
(P=0.01859)

Proximal 18.70 £1.30 21.75+1.41 Significant
(P=0.00299)

At fracture |12.09 £1.14 1356 £ 0.76 Significant

level (P=0.02522)

At fracture |15.11 +1.69 17.17 £ 0.96 Significant

level (P=0.02608)

The mean percentage increase in tibial loading after a distal osteotomy was 6.9%. One-way ANOVA
comparing this to specimens after a proximal or at fracture level osteotomy suggested a significant

difference between the means of the three groups (Table 3, P= 0.00901)
Table 3
Percentage increase in midshaft tibial loading with 34kg applied after a fibular osteotomy at
three different locations: mean (range)

Distal osteotomy [Proximal At fracture level [Proximal vs distal Proximal vs at | At fracture level
(%) losteotomy (%) |osteotomy (%) |osteotomy fracture level vs distal
significance, P osteotomy osteotomy
significance, P | significance, P
6.9 (6.3-7.5) 154 (14.5-16.3) |12.9 (12.2-13.7) |Significant Not significant | Significant
(P=0.00862) (P=0.20263) (P=0.02249)

. With the beam structure model adapted for a distal osteotomy (Figure 6A), the midshaft tibial
loading was 271N with a sample applied load of 334N (81.1%, Table 4) .



Table 4

Calculated midshaft tibial loading with 34kg applied as derived from the beam model.

After a proximal osteotomy

After a proximal osteotomy, mean tibial loading in both specimens significantly increased
(Table 2, P=0.01859 and P=0.00299). Percentage increase in tibial loading after a proximal
osteotomy was 15.4%. Tukey’s multiple comparison test found this to be significantly different to
the percentage increase after a distal osteotomy (Table 3, P= 0.00862). With the beam structure
model adapted for a proximal osteotomy (Figure 6B), the midshaft tibial loading was 334N a sample
applied load of 334N (100%, Table 4). This supports the findings from the cadaveric study that a

Intact fibula After a distal After a proximal
fibular fibular
osteotomy osteotomy

Calculated 269N (80.4%) 271N (81.1%) 334N (100.0%)
midshaft tibial

force with 334N

applied (%)

proximal osteotomy leads to the greatest increase in tibial loading (Figure 7).
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Figure 7 A graph showing the differential effect of osteotomy location on % increase in mean mass

Fibular osteotomy location

sensed in the tibial fracture.




After an osteotomy at tibial fracture level

After an osteotomy at tibial fracture level, mean tibial loading significantly increased in both
specimens (Table 2, P=0.02522 and P=0.02608). Percentage increase in tibial loading after an
osteotomy at fracture was 12.9%. Tukey’s multiple comparison test found no significant difference
between this and the percentage increase after a proximal osteotomy (P=0.20263), but found a

significant difference when it was compared to the percentage increase after a distal osteotomy
(Table 3, P=0.02249).



Discussion

Protocol novelty

The aim of this study was to investigate the optimal location for a fibular osteotomy in the
treatment of delayed and hypertrophic non-union of tibial shaft fractures. The bespoke rig and the
methodology used to measure axial forces across a tibial fracture were novel in both ease of set-up
and use. The minimally invasive force transducer allowed preservation of soft tissues, in contrast to
previous studies investigating axial tibial loading which used strain gauges [18] or load cells [19] that
necessitated removal of soft tissues or caused significant damage to any tissue retained.

A distal osteotomy has minimal effect on compression of the tibia

In all specimens, there was increased tibial loading with an applied force of 34kg after a
fibular osteotomy, supporting the view that the fibula may act as a strut during tibial fracture
rehabilitation. However, with a distal osteotomy, the percentage increase in tibial load was smallest
out of the three sites (and non-significant). The beam model was designed to explain the
experimental findings, with modelled midshaft tibial loading increasing only slightly to 81.1% after a
distal fibular osteotomy, compared to 80.4% with an intact fibula. The orientation of the
interosseous membrane fibres is likely to be the main contributing factor to these findings. After a
distal osteotomy, the applied force could still be transmitted through the fibula proximal to the
osteotomy site, but would be transmitted through the interosseous membrane in tension back to
the tibia only distal to the fracture site, meaning minimal force passes through the midshaft fracture
site itself.

A proximal osteotomy provides maximal compression to the tibia

The greatest percentage increase in load through the tibial fracture in specimens was seen
after a proximal osteotomy, and this was significantly different to the increase with a distal
osteotomy. The experimental findings were supported by the beam model, increasing midshaft tibial
loading to 100% after a proximal osteotomy. In contrast to a distal osteotomy, force is transferred
back to the tibia from the fibula via the interosseous membrane proximal to the midshaft fracture
site. As the orientation of the interosseous membrane fibres would prohibit force transmission from
the tibia back to the fibula, 100% of the applied force would then pass through the midshaft fracture
site. In practice, this would be less than 100% due to the existence of soft tissues, but this model
does provide a feasible explanation for the differential effect of fibular osteotomy location on
midshaft tibial loading.

An osteotomy at fracture level provides greater tibial compression compared to a distal osteotomy

After an osteotomy at midshaft fracture level, the percentage increase in load through the
tibial fracture was between the results with a distal and proximal osteotomy. Whilst the increase in
load was significantly different to that with a distal osteotomy, there was no significant difference
compared to a proximal osteotomy, which can be attributed to the small sample size of the study.
Due to the simplicity of the beam structure representing the interosseous membrane only as a cord
and not a sheet, an osteotomy at fracture level was not modelled, but it is reasonable to assume an
osteotomy at fracture level would result in more applied load going through the fracture site than a
distal osteotomy, but not as much as a proximal osteotomy.

Clinical relevance

In current orthopaedic practice, fibular osteotomies may be used as a second-line
intervention in non-union of tibial fractures which had been managed by conservative treatment in
plaster, intra-medullary nailing or external fixation [10], and have been shown to result in quicker
healing times compared to patients in whom fibulectomies have not been performed [9]. The site of
the fibulectomy has never been standardised, with the choice based on a variety of reasons,



including the prevention of ankle instability [20], retaining the option of a future inter-tibiofibular
graft [21], and accessibility [22].

The findings from this study indicate that a distal fibular osteotomy does not have a
significant impact on tibial loading, and show that a proximal fibular osteotomy is the optimal site.
Further studies with a larger sample size are warranted, to investigate if a statistically significant
difference exists between proximal and fracture-level osteotomies. The assumption that tibial
loading would result in faster healing is based on Wolff’s law [23], which states that living bone
adapts and strengthens in response to applied forces. Live animal models have shown this to be the
case: O'Sullivan et al. [24] demonstrated that increased loading on fractured canine tibiae increased
blood flow to the fracture, resulting in increased periosteal and endosteal bone mass compared to
controls at 6 and 12 weeks post-fracture. They suggest that adding load improved healing by
increasing venous pressure and thus capillary filtration, providing better nutrition to osteogenic
cells. Functional weight-bearing in rats was also found to ameliorate the healing rate of femoral
fractures when compared to rats that had been immobilised [25].



Conclusions

This study describes a novel method of measuring axial tibial forces, using a minimally
invasive approach and a reproducible protocol which could be used for investigation of other long
bones. We demonstrated that a fibular osteotomy increases axial tibial loading regardless of
location, with the greatest increase after proximal fibular osteotomy. Our simple beam model
proposes that a contributing factor to the differential effect of fibular osteotomy location is the
oblique orientation of the fibres of the interosseous membrane, which only permits unidirectional
force transmission from fibula to tibia. We therefore recommend a proximal fibular osteotomy when
it is performed in the treatment of delayed and non-union of tibial midshaft fractures.
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