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Variation in tibial geometry may alter strain magnitude and
distribution during locomotion. We investigated the effect of
tibia-fibula geometric variations on tibial strain with running
loads applied at various speeds. Participant-specific three-
dimensional models of the tibia-fibula were created using
lower limb computed tomography scans from 30 cadavers.
Finite-element models were developed in FEBio, and running
loads from 3, 4 and 5ms™' were applied to extract effective
strain from the tibial shaft. Linear regression models evaluated
the relationship between geometric characteristics and effective
strain along the tibial shaft. We found a statistically significant
positive relationship between: (i) increased thickness of the
midshaft to upper tibia with increased condyle prominence
and effective strain at points along the distal anterolateral and
proximal posterior regions of the tibial shaft; and (ii) increased
midshaft cortical thickness and effective strain at points along
the medial aspect of the distal tibial shaft. It is possible that
increased thickness in the more proximal region of the tibia

causes strain to redistribute to areas that are more susceptible

to the applied loads. A thickness imbalance between the

upper and distal portions of the tibial shaft could have a
Author for correspondence: negative impact on tibial stress injury risk.
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1. Introduction

Tibial stress injuries are one of the most common injuries in
individuals that perform high volumes of running [1], and
account for approximately 1 in 10 running-related injuries [2].
Tibial stress injuries are multifactorial in nature, but the most
cited cause is mechanical fatigue resulting in microcrack
accumulation degrading the material properties of the tibial
bone [3-5]. The magnitude of strain applied to the tibia plays a
Electronic supplementary material is available key role in the development of this mechanical fatigue [6]. Tibial
online at https://doi.org/10.6084/m9.figshare.c.
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stress injury risk is influenced by several intrinsic and extrinsic factors, one of these being skeletal [ 2 |
geometry [7]. Tibial geometry could influence the magnitude of strain on the bone and potential tibial
stress injury risk. Previous studies have linked tibial geometric characteristics and tibial stress injury
risk. These include geometries such as smaller tibias [8,9], thinner mid-diaphysis [7] and decreased
cortical thickness [8,10]. These studies do not investigate the underpinning mechanisms of how these
variations impact tibial strain magnitude and distribution at the bone level. Further, it is unclear if
there are additional geometric variations of the tibia and fibula that could impact strain magnitude
and potential tibial stress injury risk. Improved knowledge of how tibial geometric variation affects
strain during running could advance our understanding of why specific geometries increase the risk
of tibial stress injuries.

Previous literature has identified several geometric variations of the tibia and fibula that could impact
tibial strain magnitude [11-13]. Variations include general tibia-fibula size; overall and midshaft
thickness; prominence and size of the condyle plateau, tibial tuberosity and anterior crest; axial
torsion of the tibial shaft; medulla cavity diameter; cortical thickness; anterior—posterior shaft
curvature of both the cortical and trabecular; and the volume of trabecular bone in the proximal and
distal ends of the tibia. However, to our knowledge, research analysing the effects of tibia-fibula shape
on tibia strain during running is limited to one study [14]. Geometric variations of decreased tibial
size, shorter tibia-fibula and increased sagittal plane curvature of the tibia were found to be associated
with increases in strain magnitude when modelled in young active adults [14]. This modelling
involved the isolated manipulation of shape and density components of a statistical appearance model
to investigate changes in tibial strain measures related to specific characteristics [14]. Bone size and
width, tibial curvature and cortical thickness were identified as having the largest impact on tibial
bone strain [14]. This approach of altering appearance model components allows an understanding of
how isolated shape and/or density characteristics modify tibial strain. However, the examined models
represent a ‘synthetic’ tibia-fibula where concurrent shape variation is not considered. Estimating
strain using participant-specific bone models, and finite-element analysis in conjunction with principal
component analysis provides the ability to examine the effects of geometric variations on strain in
realistic skeletal geometry.

The purpose of this study is to investigate the effect of tibia-fibula variation on tibial strain magnitude
with running loads at various speeds applied using participant-specific models. It is hypothesized that,
of previously identified geometric variations, decreases in overall tibia width and length will be
associated with increases in tibial strain across the entire shaft of the tibia with increases in running
speed. Further, increases in cortical thickness will be associated with a decrease in effective strain
across the tibial shaft. Lastly, increased anterior-posterior bend of the tibial shaft will be associated
with increased tibial strain along the mid-distal portion of the tibial shaft.
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2. Methods

2.1. Finite-element analysis
2.1.1. Models

This research was conducted using a shared dataset from an existing paper by the research team. Full
details regarding the segmentation processes and shape model characteristics can be found in the
previous work [12].

In summary, participant-specific three-dimensional models of the tibia-fibula were created using
lower limb computed tomography (CT) scans from the right tibia and fibula of 30 cadavers (male
n =20, female n=10) in the New Mexico Decedent Image Database (NMDID) [15]. The images were
collected using a Phillips Brilliance Big Bore, with an acquisition setting of 120 kilovoltage peak (kVp)
and 200 milliampere-seconds (mAs) with an in-plane resolution of 512x512 pixels and a slice
thickness of 0.5 mm. Individuals whose records indicated participation in impact-based physical
activities throughout life were selected for inclusion (i.e. team sports, dancing, recreational running
and walking). This criterion was included to ensure participants were sampled from a generally active
population. Included individuals had a mean (+ s.d.) age of 28.7+6.7 years, living body mass of
70.22 +11.36 kg and living height of 176.06 + 11.61 cm. The tibias and fibulas were segmented from the
CT images using Mimics innovation suite (Materialise, Leuven, Belgium). Tibias were segmented into
two surfaces representing the outer boundaries of the trabecular and cortical bone, while fibulas were



segmented as one surface representing the outer shape of the entire bone. Cortical bone was segmented B
using a predefined threshold (lower bound 700 Hounsfield units (HU), upper bound 2500 HU), all
surfaces were checked, and manual corrections were applied where necessary. The inner border of the
cortical bone was used to specify the beginning of the trabecular bone, all area inside this was
segmented as the trabecular bone, including the medullary cavity. The resolution of the CT scans
used in this study was not high enough to allow intricate segmentation of the lattice structure of the
trabecular bone.

The segmented tibia-fibula surfaces were converted to volumetric meshes using quadratic tetrahedral
elements using GIBBON toolbox [16], which uses TetGen software [17]. The tibia and fibula meshes
contained a minimum of 246641 and 36482 elements, respectively, in line with mesh densities of
previous work [14]. Bone was modelled as an orthotropic elastic material [14,18], with differing
properties assigned for cortical and trabecular regions of the tibia, with the entire fibula volume
considered as a cortical region. We used a generic elastic modulus of bone in the axial direction (i.e.
E3), with 18.6 and 10.4 GPa allocated for cortical and trabecular regions, respectively [19]. We made
the choice to use generic densities for the cortical and trabecular regions within the finite element (FE)
models to remove any effect of bone density variation on our results—and subsequently isolate the
effect of shape characteristics. The remaining constants for the orthotropic elastic material were
obtained assuming constant anisotropy, where E;=0.574-E;, E;=0.577-E;, G12=0.195-E;, Gy3=
0.265- E;, G31=0.216-E3, v12=0.427, vo3=0.234 and vs; =0.405 (subscripts 1-3 refer to the medial-
lateral, anterior—posterior and axial directions, respectively) [14,18,20].

*sosi/Jeunof/6106uiysgnd/aposjedos

7920€T 0L DS uadp oS Y

2.1.2. Boundary constraints

Boundary constraints within FE simulations were similar to previous work [14,18]. Surface nodes at the
tibial plateau were identified at the proximal end of the tibia [21] and constrained by fixing these nodes in
translation and rotation. The closest surface node to the medial malleoli was constrained in the anterior—
posterior direction. We used spring elements and tied-elastic contact to constrain the motion of the fibula
relative to the tibia at the proximal and distal ends [18]. The stiffness of the ligament springs was set at
133, 166, 78 and 101 N mm™" for the proximal anterior, proximal posterior, distal anterior and distal
proximal ligaments, respectively [18,22,23].

2.1.3. Loading conditions

We used an existing study of human running at 3, 4 and 5ms™" to provide the loads for our FE
simulations [24]. OpenSim 4.3 [25] was used to extract ankle joint contact forces, and lower limb
muscle forces and their lines of action from 10 male long-distance runners (29 +5 years; 70.9 +7.0 kg;
1.77 £0.04 m). Muscle forces and lines of action were extracted in the tibial coordinate system using a
custom OpenSim plugin [26]. The average forces from the dataset (normalized to body mass) were
extracted and used as the generic running loads within our FE simulations.

The average ankle joint contact and muscle forces at the time of peak resultant ankle joint contact
force were scaled to each participant’s living body mass. The closest surface node to the ankle joint
centre was identified [21] and the ankle joint contact force applied as a concentrated nodal force to
this point. Insertion points of 16 muscles [18] (i.e. semimembranosus, semitendinosus, biceps femoris
long and short head, sartorius, tensor fasciae latae, gracilis, soleus, tibialis posterior, tibialis anterior,
flexor digitorum, flexor hallucis, peroneus brevis, peroneus longus, peroneus tertius and extensor
digitorum) were identified by non-rigidly registering the musculoskeletal model’s generic tibial
geometry to the participants’ surface mesh via the coherent point drift algorithm [27]. Muscle forces
were applied as a concentrated nodal force at the identified insertion points in the direction of the
muscle’s line of action. The ankle joint forces and muscle forces applied to the tibias can be found in
electronic supplementary material, S1.

2.1.4. Qutcome variables

FE simulations were solved using FEBio (v. 3.2) [28]. From the simulations, we extracted effective strain
from the periosteal surface of the tibial shaft—defined as 15-75% of tibia length. This differs from
previous research which used a definition of 20-80% of tibia length [14]; however, visual inspection
revealed 15-75% was a better representation of the tibial shaft for the dataset used in our study. As in



Table 1. PCs retained for statistical analysis.
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previous work, elements within 1 cm of the soleus and 0.5 cm of all other muscles were ignored when
strain was extracted due to artefacts causing unnaturally high strains [14].

2.2. Statistical analysis

We used the non-parametric permutation method described by Pataky et al. [29] to conduct classical
hypothesis testing at the whole model (i.e. tibial shaft) level. Specifically, we used this approach with
linear regression models to evaluate the relationship between geometric characteristics (i.e. dependent
variable) and effective strain along the tibial shaft (i.e. independent variable). All statistical analysis
was performed in MATLAB (R2021, Mathworks, MA, USA).

The dependent variables for the model were select principal component (PC) scores from three previously
created statistical shape models of the: (i) outer cortical surface of the tibia, (ii) combined outer cortical surface
of the tibia and fibula, and (iii) combined model of the cortical and trabecular surfaces [12]. All models and
segmentations used in this study can be found at https://simtk.org/projects/ssm_tibia.

Prior to undertaking these analyses, we assessed collinearity across PC scores between the different
shape models to avoid investigating related components (see electronic supplementary material S2).
We used a Pearson’s correlation coefficient cut-off between components of greater than 0.6 to
identify related components. This allowed us to minimize collinearity (i.e. via an observed reduction
in variance inflation factor) of the components included in our analyses while maintaining an
adequate description of tibia-fibula geometric variation. When correlated components were
identified (r>0.6), only one of the correlated PC scores was selected for linear regression. Where
components from the tibia-only shape model were correlated with components from the tibia-fibula
shape model, those from the tibia-fibula model were prioritized for inclusion. We prioritized those
from the tibia-fibula shape model due to the fibula having a potential role in bracing the tibia under
loads [18]. Further, components that accounted for greater variation in a shape model were
prioritized. Seven of the 17 PC scores across the three shape models were removed from statistical
analyses, resulting in the final set of 10 dependent variables (table 1). The PC scores (i.e. dependent
variables) were then input alongside the effective strain across the tibial shaft (i.e. independent
variable) in separate linear regression models. The linear regression models generated a f-statistic
across the elements of the tibial shaft—whereby a positive and negative f-value represented an
increase and decrease in strain at the given element, respectively, with a concurrent increase in the
PC score associated with the shape model. An alpha level of 0.05 was used to calculate the critical ¢-
value which denoted statistical significance.
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Figure 1. Linear regression outputs for PC6 of the tibia-fibula shape model at 3 m s™". A higher score for PC6 describes increased
thickness of the midshaft to upper tibia with an increase in condyle size. The top row shows the relationship between effective strain
and increases in PC6 scores. The bottom row shows where these were when this relationship reached statistical significance. Warmer
colours indicate a relationship between higher PC scores and increases in effective strain, while cooler colours indicate decreases in
effective strain. Small areas of no strain represent muscle attachment sites that were masked from analysis.

3. Results

We observed a statistically significant relationship between the thickness of the midshaft to upper tibia
and condyle prominence (i.e. PC6 of tibia-fibula model) to effective strain across areas of the tibial shaft.
A higher score for this shape characteristic (i.e. increased thickness of the midshaft to upper tibia with
increase in condyle prominence) was related to increases in effective strain at specific points along the
distal anterolateral and proximal posterior regions of the tibial shaft at all three running speeds. This
relationship between PC6 and effective strain was also seen across the entire tibial shaft at all speeds;
however, it was not statistically significant (see figures 1-3).

We also observed a statistically significant relationship between medullary cavity and midshaft
cortical thickness (i.e. PC2 of cortical-trabecular model) to effective strain across areas of the tibial
shaft. A higher score for this shape characteristic (i.e. increased midshaft cortical thickness and
decreased width of the medullary cavity) was related to increases in effective strain at specific points
along the medial aspect at the distal end of the tibial shaft at running speeds of 5 ms™". Similar to
previous findings, the relationship between PC2 and effective strain was also seen across the entire
tibial shaft; however, it was not statistically significant (figure 4).

There was no statistically significant relationship between the remaining PCs (i.e. PC1, PC2, PC3, PC4,
PC5 and PC7 from the tibia-fibula shape model; PC3 and PC4 from the tibia cortical-trabecular model)
and effective strain. Results and descriptions for linear regression models across all shape model
components can be found in the electronic supplementary material, document S3.

4. Discussion

This study investigated the effect of tibia-fibula variation on tibial strain magnitude when running loads
at various speeds were applied to participant-specific bone models. An increase in thickness of the
midshaft to upper tibia with an increase in condyle prominence was related to increased effective
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Figure 2. Linear regression outputs for PC6 of the tibia-fibula shape model at 4 m s™". A higher score for PC6 describes increased
thickness of the midshaft to upper tibia with an increase in condyle size. The top row shows the relationship between effective strain
and increases in PC6 scores. The bottom row shows where these were when this relationship reached statistical significance. Warmer
colours indicate a relationship between higher PC scores and increases in effective strain, while cooler colours indicate decreases in
effective strain. Small areas of no strain represent muscle attachment sites that were masked from analysis.
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Figure 3. Linear regression outputs for PC6 of the tibia-fibula shape model at 5 m.s~". A higher score for PC6 describes increased
thickness of the midshaft to upper tibia with an increase in condyle size. The top row shows the relationship between effective strain
and increases in PC6 scores. The bottom row shows where these were when this relationship reached statistical significance. Warmer
colours indicate a relationship between higher PC scores and increases in effective strain, while cooler colours indicate decreases in
effective strain. Small areas of no strain represent muscle attachment sites that were masked from analysis.
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Figure 4. Linear regression outputs for PC2 of the cortical-trabecular shape model at 5ms™". A higher score for PC2 describes
increased midshaft cortical thickness with a decrease in medulla cavity diameter. The top row shows the relationship between
effective strain and increases in PC2 scores. The bottom row shows where these were when this relationship reached statistical
significance. Warmer colours indicate a relationship between higher PC scores and increases in effective strain, while cooler colours
indicate decreases in effective strain. Small areas of no strain represent musde attachment sites that were masked from analysis.

strain at various points of the distal anterior-lateral border of the tibial shaft. The direction of this
relationship was also present across the entire tibial shaft but did not reach statistical significance. This
relationship was identified across all running speeds examined. Further, an increase in midshaft
cortical thickness and a decrease in medulla cavity diameter were associated with increased effective
strain at points of the distal medial tibial shaft when loads from running at 5 ms™' were applied.
Further, the direction of this relationship was observed in the area surrounding the statistically
significant points; however, it did not reach statistical significance. This suggests that although the
statistically significant areas are small, the geometric variations are associated with some level of
increased strain magnitude in the surrounding areas.

Tibias with an overall increase in thickness, including thicker cortical bone, are associated with
increased bone strength and an increased ability to withstand loading [30]. However, we found an
inverse relationship between tibial strain in the distal third to increases in width isolated to the mid
to upper section of the tibia (i.e. elevated strain with increased width). Although this was only
found to be significant in small areas, we did see the same trend at surrounding areas on the bone.
It is plausible that this occurs due to the relative thickness of the upper shaft compared with the
lower shaft. The shape model characteristic in our study described an increase in tibia width in the
upper portion, with no changes in the lower portion, causing the distal tibia shaft to be relatively
thinner. This potentially causes redistribution of strain to areas more susceptible to the applied
loads (i.e. the distal end). Contrary to our hypothesis, we did not observe a relationship between
strain and bone thickness when variations to overall tibial width (i.e. PC3 of the tibia-fibula model)
and overall size (including both size and width; i.e. PC1 of the tibia-fibula model) were explored.
Recent work has proposed that tibial size has the biggest impact on tibial strain during running,
where Bruce et al. [14] found increases in tibial size were related to reduced strain. A major
difference between our study and previous work [14] is that the loads applied were scaled to
participant’s body mass, whereas Bruce et al. [14] kept loads consistent irrespective of tibial size. We
demonstrated that within our study sample, height and body mass explained 63-64% of variance in
tibial size [12], suggesting that the majority of variation in tibial size and thickness is relative to
height and body mass [31]. Although shorter and lighter individuals have smaller thinner tibias,
they may produce reduced forces and moments during running that can be adequately resisted.
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When loads are relative to body mass, changes in overall width and size of the tibia may have little [ 8 |
effect on strain across the tibia. When considered in conjunction with existing work, our findings
suggest that an individual with an imbalance between the thickness of the upper and distal portions
of the tibial shaft, or a smaller overall tibia relative to their height and mass may be at risk of
elevated tibial strain during running.

Increased curvature of long bones increases bending and decreases strength when the bone is
subjected to axial compression [32,33]. Increases in tibial shaft curvature could modify the moment
arm of applied loads, contributing to further bending and a potential increase in strain in the tibial
shaft. Our results did not support this theory, with no statistically significant relationship found
between changes in anterior—posterior bend of the tibial shaft (PC5 of the tibia-fibula model, PC3 of
the trabecular-cortical model) and effective strain. This also contradicts recent findings from Bruce
et al. [14], who found models with shorter tibias and fibulas with increased sagittal plane curvature
had an increase in tibial strain of between 5.7% and 11.5%. Recent work has proposed the fibula acts
as a structural brace reducing the magnitude of tibial bending [18]. The shape characteristic in our
model that described increased anterior—posterior curvature of the tibia also described a straighter
fibula. We propose that this corresponding straighter fibula present in our study sample increased its
bracing capabilities and subsequently compensated for the increased curvature of the tibia—resulting
in no strain-related association with this shape characteristic.

Bone morphology of long bones has been identified to change over time, particularly, to withstand
the internal loading environment [34,35]. Dependent on how bone has remodelled over time, it is
likely that participants have different geometric variations that could impact the strain response when
different loads are applied. The running loads used in this paper were taken from previous literature
and hence are generic in nature. Individuals probably display different running technique, and joint
and muscle force profiles during running—and this should be considered alongside our findings. The
generic loads used in the strain estimates may not accurately recreate the internal loading
environment for the specific individual. The variability in geometries may simply be a consequence of
normal bone development and when participant-specific loads for habitual activities are applied may
be able to withstand these loads. The geometric variations found to increase strain may only be
hazardous to the individual when the tibia experiences strains that are non-habitual. The
modifications to the internal loading environment could potentially see the tibia unable to withstand
this new strain pattern. Future research should aim to use participant-specific running data alongside
participant-specific models to create more realistic loading scenarios. Further, understanding changes
in tibial geometry throughout growth and how this could impact strain magnitude and tibial stress
fracture risk in later life should be a topic of future research.
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5. Limitations

A limitation of our methodology was the inability to distinguish if other geometric variations were
affecting the relationship between our independent variable (i.e. shape characteristics) and effective
strain. It is possible that certain shape characteristics that increase tibial strain concurrently occur with
shape characteristics that offset any potential increase. While this limitation can be addressed by
developing ‘synthetic’ tibia-fibula models by isolating shape characteristics (i.e. as per Bruce et al.
[14]), examining participant-specific models potentially provides a more realistic estimate of tibial
geometric characteristics. Combined shape characteristics may have specific effects on tibial strain
during running. Future research should therefore consider how the interactions between or
combinations of shape characteristics alter tibial strain.

As in our previous work [12], the tibia models used in this research were predicted to be from healthy
adults (using meta-data provided by the NMDID [15]). Most participants’” meta-data included past
medical history; however, we cannot confirm that participants had no prior illness or injury that
affected bone growth and formation. The results estimated from these models may also not be
applicable to adults outside the ages of 1940, particularly paediatric and geriatric populations.

Finally, our study cannot directly link geometric variations of the tibia with tibial stress fractures.
Currently there is little knowledge on the exact magnitude of strain that results in developing a stress
fracture—and this probably differs from one individual to another. It is understood that strain
magnitude and increases in normal strain magnitude can lead to increased microdamage, progressing
towards a stress response [3]. Further there are other influencing factors such as previous damage
accumulation, which make it difficult to determine a threshold [3]. It is therefore difficult to directly



link the magnitude of tibial strain to fracture risk; we can only infer that increases could increase risk. [ 9 |
Probabilistic stress fracture models would be the best way to assess this [6,19]. Future research should
consider applying probabilistic stress fracture models in the context of changes in geometry and strain
magnitude.

6. Conclusion

Increased upper-midshaft tibial thickness with increased condyle prominence, and increased midshaft
cortical thickness were associated with increased effective strain in the tibial shaft when running loads
were applied. Increased anterior—posterior bend of the tibial shaft and overall size of the tibial shaft
were not related to changes in tibial strain. When applied running loads are relative to body mass,
overall width and size of the tibia may have little effect on tibial strain. An individual may be at risk
of elevated tibial strain when there is an imbalance between the thickness of the upper and distal
portions of the tibial shaft, or they have a smaller overall tibia relative to their height and mass.
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