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Abstract 

Tibial stress fractures are a problematic injury amongst runners. Increased loading of 

the tibia has been observed following prolonged weight-bearing activity and is 

suggested to be the result of reduced activity of the plantar flexor muscles. The 

musculature that spans the tibia contributes to bending of the bone and influences the 

magnitude of stress on the tibia during running. Participant-specific models of the tibia 

can be used as a non-invasive estimate of tibial stress. This study aimed to quantify 

tibial stress during running using participant-specific bone geometry and to compare 

tibial stress before and after a protocol of repeated muscular contractions of the plantar 

flexor muscle group. Fourteen participants who run recreationally were included in the 

final analysis of the study. Synchronised force and kinematic data were collected 

during overground running before and after an exhaustive, weighted calf-raise 

protocol. Bending moments and stress at the distal third of the tibia were estimated 

using beam theory combined with inverse dynamics and musculoskeletal modelling. 

Bone geometry was obtained from magnetic resonance images. There was no 

difference in stress at the anterior, posterior, medial or lateral peripheries of the tibia 

after the calf-raise protocol compared with before. These findings suggest that an 

exhaustive, repeated calf-raise protocol did not alter tibial stress during running.  
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Introduction 

Lower limb stress fractures are a problematic injury that affect runners1, with the tibia 

one of the most common sites of this injury2–4. Tibial stress fractures represent the 

inability of the skeleton to withstand repetitive bouts of mechanical loading. Repetitive 

loading can lead to microdamage accumulation, and inadequate repair of this is 

understood to increase the risk of stress fracture5. The magnitude of loading 

experienced by the bone is important and may be increased throughout an activity as 

a result of fatigue. In healthy participants, increased tibial strain has been observed 

following prolonged weight-bearing activity6, and increased peak anterior-posterior 

tibial stress was observed following just 20 minutes of moderate treadmill running7. 

This increased bone loading may increase the risk of stress fracture8.  

Milgrom et al.6 showed that following both prolonged running and marching, anterior 

tibial tensional strains increased, alongside reduced gastrocnemius isokinetic torque - 

indicative of plantar flexor muscle fatigue. It has been suggested that regular activity 

of the gastrocnemius muscles may be important in maintaining ‘regular bone strains’9. 

Contraction of the triceps surae contributes to posterior bending of the tibia, whilst their 

eccentric contraction can act to counter the external dorsiflexor moment during 

running10. Therefore, reduced function of the plantar flexor muscles – the dominant 

muscle group during the propulsive phase of running stance11 – has the potential to 

change the loading environment of the tibia and, therefore, tibial stress. However, the 

effects of isolated plantar flexor muscle fatigue on bone stress have not been 

examined.  

Due in part to the challenge of quantifying the internal loading environment of the bone, 

understanding of the factors that increase bone loading is limited. Tibial strain has 
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been measured invasively in humans6 but it may be more feasible and appropriate to 

use biomechanical models to estimate tibial stress7,12–14. Beam theory modelling was 

shown to be a repeatable approach for quantifying within-participant changes in tibial 

stress7. Previous beam theory approaches have modelled a cross-section of the tibia 

as a hollow ellipse, using literature-based geometric properties or image-based 

estimates of bone geometry and assuming symmetry in the cross-section7,12–14. The 

accuracy of stress calculated using beam theory could be improved by using 

participant-specific bone geometry and assuming asymmetry of the cross section. 

Bone geometry has been proposed to be important when understanding risk of stress 

injury as measures of geometry, including cross-sectional area, section modulus and 

area moment of inertia, have been inversely associated with risk of stress fracture in 

military populations15–17. 

This study had two separate aims: 1) to estimate tibial stress during running using 

participant-specific bone geometry; and 2) to compare tibial stress before and after an 

exhaustive protocol of repeated muscular contractions of the plantar flexor muscle 

group. It was hypothesised that tibial stress during running would be increased 

following the calf-raise protocol.  

Materials and Methods 

Participants 

Fifteen participants were included in the study (6 female, 9 male; mean (SD) 24.6 (9.7) 

years; 75.3 (11.6) kg; 1.76 (0.10) m). Sample size was estimated with G*Power 

Version 3.1.9.218 using previously reported differences in peak anterior stress values 

in those with and without a history of stress fracture12. This was used so that only 

clinically relevant changes in bone stress would be detected. An alpha level of 0.05 
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and power of 80% were used to determine sample size. A sample of 14 was 

determined to be sufficient for this pre-post study design.  

Participants self-reported that they were regularly active (> 150 min per week) and had 

prior experience of distance running at a recreational level or above. Participants were 

injury-free at the time of data collection and had no history of stress fracture to the 

tibia, metatarsals or femur. All participants provided written informed consent prior to 

participation in this study that was approved by the University Research Ethics 

Committee.  

Magnetic Resonance (MR) Imaging 

A stack of transverse MR images covering the whole of the lower leg were acquired 

using a 1.5 T superconducting whole body scanner (Gyroscan Intera, Philips, the 

Netherlands) with participants lying in a prone position, A T1 weighted (Repetition 

time: 20 ms; echo time: 3.6 ms) 3D gradient echo sequence was utilised with an in-

plane resolution of 0.68 x 0.68 mm and a slice thickness of 2 mm. 

MR analysis 

Images were processed in ImageJ (1.50i, National Institutes of Health, USA.). The 

proximal and distal ends of the tibia and the slice representing one-third of the length 

from distal to proximal were identified. This site was used for comparison with previous 

studies12,13 as an approximation of the narrowest point of the tibia16. A straight line 

between the most medial and lateral aspects of the medial and lateral malleoli 

respectively was inserted. The angle between this line and the horizontal was used to 

rotate the image, such that the anterior aspect of the tibia was facing upwards on the 

screen. This aligned the anterior tibia with the anterior direction of the dynamic tibia 
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coordinate system, determined using motion capture. Cross sectional area, the 

second moment of area about the medial-lateral and anterior-posterior axes and the 

product second moment of area were obtained using a customised Matlab script19. 

This script utilised an edge detection algorithm to identify the cortical and trabecular 

bone. A series of triangles were fit to the cortical bone to calculate the bending 

parameters of the cross section (Figure 1).  

 

Figure 1: sample of a digitized tibial cross section utilising a customized Matlab script 
19. A: MR image of the shank at the distal third of the tibia; B: tibial cross-section edges 
detected; C: triangles fit to the cortical bone. Note: the contrast in Figure 1A has been 
edited to maximise clarity for presentation purposes only.  
 

Running protocol 

Height and body mass were determined for scaling in the musculoskeletal model. 

Participants wore their own running footwear, which was self-reported to be the 

footwear that they run in most regularly at the time of data collection. Eighteen active 

Codamotion (Charnwood Dynamics Ltd, Leicestershire, UK) markers were positioned 

to identify thigh, lower leg and foot segments from the right lower limb that were then 

tracked using four CX1 Codamotion sensor units (12 cameras, 200 Hz). Anatomical 
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markers were placed on the calcaneus, first and fifth metatarsals, medial and lateral 

malleoli, medial and lateral femoral epicondyles and the greater trochanter. A static 

trial was collected with the participant in their comfortable standing position with feet 

shoulder width apart. Synchronised force data were collected from an AMTI force 

platform (AMTI, MA, USA) at 1000 Hz. Five overground running trials at 3.6 m.s-1 ± 

5% were collected that included a full right foot contact on the force platform where 

the stride was judged by the investigator not to have been adjusted in order to contact 

the platform. 

Calf-raise protocol 

Following completion of the initial overground running trials, participants wore a weight 

vest that contained 10% of their body mass to the nearest 0.5 kg. Participants stood 

with the balls of their feet on the edge of a step and performed repeated calf raises, 

plantar flexing maximally and lowering to maximum dorsiflexion. A metronome set at 

1.33 Hz was used to guide the participants to rise to maximum plantar flexion in one 

beat, followed by four beats of controlled lowering to maximum dorsiflexion. 

Participants were permitted to lightly place their finger-tips on a wall less than 0.5 m in 

front of them for balance. They were asked to pause as briefly as possible to adjust 

their foot position if they felt they were starting to slip. Participants were given the 

opportunity to familiarise to this task, both with and without the weight vest, until they 

felt comfortable. Participants continuously performed calf raises until failure was 

reached; defined as three consecutive raises during which the full range of motion was 

not reached or the correct tempo was not maintained according to the judgement of 

investigators. Inability to maintain calf-raise height has been suggested to be indicative 

of fatigue20. Participants were unaware of the criteria for termination of the test. 

Encouragement was provided to all participants throughout the calf-raise protocol. The 
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average approximate duration of the calf-raise protocol was 7 (± 3) minutes per 

person.  

Post-calf-raise protocol 

An additional five overground running trials were collected immediately following the 

calf-raise protocol. In between each of these running trials, participants completed ten 

calf raises without the weight vest, using the same tempo as throughout the calf-raise 

protocol. This was intended to minimise the effects of recovery. Codamotion markers 

were worn throughout the entirety of these protocols.  

Data Analysis 

Kinematic and force data were filtered using a 2nd order low-pass Butterworth filter at 

12 Hz21. The static trial was used to identify knee and ankle joint centres. Segment 

mass, centre of mass location and inertial properties were calculated, and joint 

moments were determined using inverse dynamics within Codamotion Odin software. 

Foot strike was determined from the vertical force time histories and used to categorise 

runners as rearfoot strikers (displaying a distinct impact peak) and non-rearfoot 

strikers (displaying no distinct impact peak)22. 

Stress Model 

A customised Matlab (R2017a, Mathworks, Natick, MA) program was written to 

estimate tibial stress and has been detailed by Rice et al.7. In brief, segment centre of 

mass accelerations and joint reaction forces were calculated. Bending due to muscular 

forces was calculated from nine muscles that span the cross-section at the distal third 

of the tibia: Tibialis Anterior; Soleus; Tibialis Posterior; Extensor Digitorum Longus; 

Flexor Digitorum Longus; Flexor Hallucis Longus; Peroneus Brevis; Peroneus Longus; 
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and Extensor Hallucis Longus. Dynamic muscle forces were estimated using static 

optimization with a cost function minimizing the sum of cubed muscle stresses23. The 

two gastrocnemii muscles span the tibial cross-section but originate on the femur. 

Therefore they were assumed to contribute to axial compression but not to bending of 

the tibia. The axial and bending contributions from each muscle were calculated in 

both the anterior-posterior and medial-lateral directions. The bending due to the 

muscles crossing the centroid was the product of the muscular forces and their 

respective moment arms. The bending at the centroid due to the external reaction 

forces included the contributions from both the knee joint reaction force and the knee 

joint moment (termed contact forces).  

As in Rice et al.7 stance phase axial and bending forces due to the external reaction 

forces and internal muscular forces were vector summed to represent the resultant 

axial force and resultant bending moments acting at or about the centroid at the distal 

third of the tibia. Normal stresses at the posterior, anterior, lateral and medial 

peripheries were calculated as axial stress ± bending stress. The Matlab program was 

adapted to account for the geometric properties of the tibia cross section in order to 

estimate the axial and bending stress. Axial stress was the resultant axial force divided 

by the participant-specific cross-sectional area of the distal third of the tibia. 
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Anterior-posterior and medial-lateral bending stresses (σBE_Anterior, σBE_Posterior, 

σBE_Lateral, σBE_Medial), were estimated using the following equations24:  

𝜎𝐵𝐸_𝐴𝑛𝑡𝑒𝑟𝑖𝑜𝑟 =
𝑀𝑀𝐿𝐼𝐴𝑃 −  𝑀𝐴𝑃𝐼𝑥𝑦

𝐼𝑀𝐿𝐼𝐴𝑃 − 𝐼𝑥𝑦
2 𝑦𝐴 

𝜎𝐵𝐸_𝑃𝑜𝑠𝑡𝑒𝑟𝑖𝑜𝑟 =
𝑀𝑀𝐿𝐼𝐴𝑃 −  𝑀𝐴𝑃𝐼𝑥𝑦

𝐼𝑀𝐿𝐼𝐴𝑃 − 𝐼𝑥𝑦
2 𝑦𝑃 

𝜎𝐵𝐸_𝐿𝑎𝑡𝑒𝑟𝑎𝑙 =
𝑀𝐴𝑃𝐼𝑀𝐿 −  𝑀𝑀𝐿𝐼𝑥𝑦

𝐼𝑀𝐿𝐼𝐴𝑃 − 𝐼𝑥𝑦
2 𝑥𝐿 

𝜎𝐵𝐸_𝑀𝑒𝑑𝑖𝑎𝑙 =
𝑀𝐴𝑃𝐼𝑀𝐿 −  𝑀𝑀𝐿𝐼𝑥𝑦

𝐼𝑀𝐿𝐼𝐴𝑃 − 𝐼𝑥𝑦
2 𝑥𝑀 

 

where MML, MAP refer to the bending moments about the medial-lateral and anterior-

posterior axes respectively; IML, IAP and Ixy refer to the second moment of area about 

the medial-lateral and anterior-posterior axes and product second moment of area 

respectively; and 𝑥𝐿 , 𝑥𝑀, 𝑦𝐴, 𝑦𝑃 refer to the distances from the centroid to the lateral, 

medial, anterior and posterior periphery, respectively.  

Statistical Analysis 

For each participant, the most representative trial from each condition (pre- and post-

) was obtained using a functional measure of depth25, and the bending moments and 

stress time histories from this trial were utilised in statistical analyses. This avoided 

the shape distortion of the curve that occurs when taking the mean of multiple trials. 

SPM analyses allowed comparison of time histories, normalized to 101 data points, 

for bending moments and stress at the four peripheral sites pre- and post-calf-raise 
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protocol. SPM analyses were carried out using open-source SPM1d Matlab code 

(http://www.spm1d.org26). One-tailed paired t-tests were conducted to compare group 

mean time histories pre- and post-calf-raise protocol using an alpha level of 0.05.  

Comparison of discrete peak values between pre- and post-calf-raise protocol was 

conducted in IBM SPSS Statistics for Windows (IBM Corp., Version 24.0. Armonk, 

NY). Wilcoxon signed-rank tests identified any differences post- compared with pre-

calf-raise protocol. These non-parametric tests were selected due to the non-normality 

of the discrete data. An alpha level of 0.05 was used.  

Results 

Ten participants ran with a rearfoot strike and four ran with a non-rearfoot strike, 

maintaining a consistent foot strike in both the pre-and post-calf-raise protocol 

conditions. One participant changed their foot strike following the protocol and was 

excluded from the analyses. The analysed participants (n=14) included 6 females and 

8 males with a mean (SD) age of 25.0 (10.0) years, mass of 74.0 (11.3) kg and height 

of 1.74 (0.09) m. 

Bending Moments 

Resultant bending moments about the medial-lateral axis (contributing to anterior-

posterior stress) were predominantly in the positive anti-clockwise direction throughout 

stance (Figure 2A). There were no differences in anterior-posterior bending moments 

pre- compared with post-fatiguing protocol throughout stance and no difference in 

peak bending moments (Mean (SD) pre-: 105.6 (35.6) N•m; post-: 112.3 (45.0) N•m; 

P = 0.149) . Peak bending moments about the medial-lateral axis provided a relative 

contribution of 76% (±7%) to peak posterior compressive stress.  
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Figure 2. A: Mean and standard deviation time histories of bending moments about 
the medial-lateral axis during stance; B: the positive resultant bending moment 
indicates posterior compression and anterior tension. Shading around the mean curve 
represents the standard deviation. Solid and dashed lines represent pre- and post- 
fatiguing protocol, respectively.  
 

There was considerable variability in the bending moments about the anterior-

posterior axis (contributing to medial-lateral stress) (Figure 3). The resultant was 

predominantly in the positive anti-clockwise direction throughout stance (Mean (SD) 

peak resultant bending moments pre-: 52.0 (33.6) N•m; post-: 54.0 (38.4) N•m. 

However, a predominantly positive resultant was observed in eight of the fourteen 

participants, with the remaining six participants showing predominantly negative 

resultant bending moments.  
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Figure 3: Mean time histories of bending moments about the anterior-posterior axis 
during stance. The positive resultant bending moment indicates medial compression 
and lateral tension. Shading around the mean resultant bending moment curve 
represents the standard deviation. Solid and dashed lines represent pre- and post- 
fatiguing protocol, respectively.  
 

Peripheral Stress 

There was no difference in stress at the anterior, posterior, lateral or medial 

peripheries of the tibia post- compared with pre-calf-raise protocol (Figure 4) and no 

difference in peak stress (Table 1).  
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Table 1: Mean (SD) peak stress at the anterior, posterior, medial and lateral 
peripheries of the distal third of the tibia, pre- and post-calf-raise protocol.  

 

 

Bone size  

The average bone geometry values for participants in this study are presented for 

descriptive purposes (Table 2).   

Table 2: Mean (SD) cross-sectional area, second moment of area about the medial-

lateral (𝐼𝑀𝐿) and anterior-posterior (𝐼𝐴𝑃) axes and product second moment of area 

(𝐼𝑥𝑦) of the cross section at the distal third of the tibia. 

 
 

 

 

 

 Pre- Post- P 

Peak Anterior Stress (MPa) 25.1 (10.6) 26.6 (13.3) 0.551 

Peak Posterior Stress (MPa) -29.3 (7.7) -30.1 (8.6) 0.594 

Peak Lateral Stress (MPa) 10.5 (9.2) 10.9 (11.0) 0.875 

Peak Medial Stress (MPa) -23.9 (12.8) -23.8 (15.3) 0.510 

Variable Mean (SD) 

Cross-sectional area (m2) 7.4 (1.0) e-4 

𝐼𝑀𝐿 (m4) 8.9 (2.9) e-8 

𝐼𝐴𝑃 (m4) 6.2 (2.3) e-8 

𝐼𝑥𝑦 (m4) -1.4 (1.5) e-8 
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Figure 4: Mean and standard deviation stress time histories at the anterior, posterior, lateral and medial 
peripheries of the distal one-third tibial cross section.  
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Discussion 

This study incorporated individual participant bone geometry obtained from MR 

images to quantify tibial stress during running. These stress values were then 

compared to establish the influence of an exhaustive calf-raise protocol on tibial stress. 

As in previous studies7,9,12–14, the resultant bending moments about the medial-lateral 

axis were positive, interpreted as tending to bend the tibia in a concave posterior 

manner (Figure 2B).  This is indicative of predominantly tensile stresses on the anterior 

tibia and predominantly compressive stresses on the posterior tibia during stance. The 

bending about the anterior-posterior axis revealed individual differences regarding 

whether the medial or lateral tibia was predominantly under tension, where a positive 

resultant bending moment would be indicative of tensile stresses on the lateral tibia 

and compressive stresses on the medial tibia. Our observations agree with Meardon 

and Derrick13, that there is considerable between-participant variability in stress 

magnitudes, particularly at the medial and lateral peripheries. However, peak stresses 

at the anterior and posterior tibia were lower than previously reported values obtained 

using a similar modelling approach7,12,13. This is influenced by the greater cross-

sectional geometry values in the present study than in previous studies. Franklyn et 

al.27 reported cross-sectional areas of 340 mm2 (averaged across active males and 

females) compared with 740 mm2 in the present study. They also reported an outer 

anterior-posterior width of 30.2 mm compared with 38.3 mm in the present study. 

These discrepancies may be due to the different scanning techniques or the fact that 

more points were used to digitise the bone in the present study.  

 In order to further investigate this, bending moment and axial force values from the 

present study were input into a hollow elliptical stress calculation using previously 

reported literature values27. This revealed peak anterior and posterior stress 
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magnitudes that were double those of the present study, and therefore more similar to 

previously reported stress values. Peak bending moments about both axes were 

similar in magnitude to previously reported values7. It is not possible to directly validate 

these stress magnitudes and, therefore, beam theory modelling approaches remain 

best suited for the assessment of within-participant changes in bone loading. 

Nonetheless, previous estimates of bone stress using elliptical models may have been 

overestimated.  

It has been suggested that the increased anterior tibial strain previously observed 

following prolonged activity was the result of plantar flexor muscle fatigue6. Whilst 

fatigue was not defined in the present study, the results suggest that repeated and 

demanding plantar flexor muscle activity did not increase loading of the tibia, in 

contrast to the hypothesis. The sensitivity of the tibial stress model to detect changes 

in tibial stress must be considered in this context. A similar modelling approach 

showed that in repeated tibial stress measures a difference of 4% and 2% in peak 

anterior and posterior stress was observed respectively between sessions7. 

Furthermore, this approach was able to detect significant increases of 15% and 12% 

in peak anterior and posterior stress respectively, throughout a moderate treadmill run. 

Additionally, this difference was observed in more than 86% of the participants. In 

contrast, in the present study, the average (non-significant) change in peak anterior 

and posterior stress was +3% with 43% of participants demonstrating decreased 

stress. This suggests that the robustness of the model to detecting changes in stress 

was unlikely to explain why no differences were observed post- compared with pre-

calf-raise protocol.  

The calf-raise protocol may have been insufficiently demanding to elicit changes in 

tibial loading. To assess this suggestion, individual responses were considered. 10 out 
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of 14 participants (71%) ran with reduced bending due to muscular forces following 

the fatiguing protocol, and this was unrelated to foot strike. When comparing stress 

pre- and post- calf-raise protocol in only these 10 participants there was a 4% 

reduction in peak bending due to muscular forces post- compared with pre-protocol (P 

= 0.005), but no differences in peak tibial stress at any of the four peripheries. 

Furthermore, participants anecdotally reported that they experienced delayed onset 

muscle soreness in the days following the protocol. A more robust indicator of the 

perceived severity of the protocol would have been beneficial.  

The changes in tibial loading previously reported following a prolonged activity6,7 may 

have been induced via a different mechanism, and not the result of plantar flexor 

fatigue per se. Theoretically, it is to some extent counterintuitive that reduced activity 

of the plantar flexor muscles would result in increased tibial loading. Experimental data 

using bone screws to quantify tibia segment deformation9, as well as beam bending 

models7,12–14 have suggested that the proximal tibia bends posteriorly during running. 

This implies that reduced activity of the plantar flexor muscles would contribute to a 

reduction in the bending observed, thereby reducing strain in the tibia. In reality, there 

are many factors that may influence the loading environment, including the fact that 

the gastrocnemius muscles are biarticular and also contribute to knee flexion-

extension. It should be noted that the plantar flexor muscles additionally act 

eccentrically during stance to counter the external dorsiflexor moment. This complex 

loading environment in conjunction with the findings from the present study indicate 

that the increased bone loading previously observed following prolonged weight-

bearing activity may not simply be the result of plantar flexor muscle fatigue.  

Limitations 
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Modelling the tibia using beam theory provides a non-invasive approach that may be 

important for improving understanding of the mechanisms of tibial stress fracture 

development. Utilising such an approach to quantify within- rather than between-

participant differences in stress is most appropriate. There are a number of limitations 

that must be considered. In order to quantify the contributions from muscular forces, 

simplifications have been introduced. In particular, using static optimization to estimate 

muscular forces assumes standardized force capabilities and neural strategies. 

Participant-specific estimates of model parameters, such as muscle moment arms, 

would improve the accuracy of the model. Additionally, modelling the foot with multiple 

segments rather than a single, rigid segment would better represent the kinematics. 

In terms of the study design, the protocol was a simplified means of reducing the 

function of the plantar flexor muscles, and whilst ‘failure’ was reached according to the 

assessment of the investigators, fatigue was neither defined nor quantified. It was 

possible to assess plantar flexor torque using a dynamometer but this would have 

introduced considerable recovery time that may have interfered with the intended 

effects of the calf-raise protocol, to the detriment of the study overall. The protocol 

focused on eliciting a change in the mechanical environment, without consideration of 

the physiology. The relative contributions of the gastrocnemii and soleus muscles 

during running and during the protocol were not considered, nor were their different 

fibre type composition. A more in-depth physiological assessment may provide further 

insight into the findings of the present study.  

This study included both rearfoot and non-rearfoot strike runners which provides a 

useful representation of the running population but meant that differences between 

these different categories of runner was not accounted for. However, strike index was 

retrospectively determined from foot strike angle and bivariate correlation analyses 
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showed there was no association between strike index and peak stress at any of the 

peripheries nor between strike index and the peak resultant bending moments. Data 

were collected at a pre-determined speed that may not represent the speed 

participants were most accustomed to. Whether the results may have been different 

at self-selected running speeds remains unclear.  

Perspective 

An exhaustive protocol of repeated, weighted calf-raises did not induce changes in 

tibial stress during running, suggesting that baseline tibial loading magnitudes can be 

maintained during running even when the plantar flexor muscle group functionality has 

been altered. The role of the plantar flexor muscles in maintaining a normal tibial 

loading environment remains poorly understood.  
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