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Abstract

Background: Bone stress injuries (BSIs) occur in populations that engage in repetitive
loading, such as distance runners and military recruits. In these populations, the second
metatarsal is a common site for BSls. Risk of BSI may be influenced by modifiable factors
including running speed, load carriage, and prolonged running by affecting internal
metatarsal loading. Internal metatarsal bone stress can be estimated during running using a
two-dimensional beam theory model and experimentally measured inputs. Variability in the
model inputs including experimentally measured geometry, kinetics, and kinematics can

influence the within-day repeatability and between-day reliability of bone stress estimates.

Aims: The overall aims of this thesis were to determine how modifiable factors including
running speed, load carriage, and prolonged running influence internal loading in the second
metatarsal during running. The thesis also aimed to quantify the within-day repeatability and

between-day reliability of estimates of metatarsal loading.

Methods: Data for all three studies were collected from a single cohort of participants over
two visits to the biomechanics laboratory. Participants were 28 healthy (14 female/14 male),
rearfoot strike runners aged 18 — 40 years. During the first laboratory visit, participants were
screened for foot strike type and, if eligible, completed six running conditions at three speeds
with and without load carriage. During the second laboratory visit, participants completed
overground running trials at their preferred speed before and after a demanding 10 km
treadmill run. Kinematic and kinetic data were collected during barefoot overground running
using motion capture cameras, a pressure plate, and a force plate. Bone stress was
calculated at the dorsal and plantar surfaces of the second metatarsal midshaft using a two-

dimensional beam theory model.

Results: Second metatarsal bone stress estimates demonstrated excellent within-day

repeatability and between-day reliability. Running speed and load carriage were found to



independently influence second metatarsal bone stress. Bone stress increased with both
increasing running speed and added load carriage. Between-participant variability was
observed in peak bone stress, with individual responses to conditions differing from group
trends. The magnitude of ground reaction force under the second metatarsal was very
strongly correlated with second metatarsal bone stress. Second metatarsal stress when
running at preferred speed overground did not change following completion of a demanding

10 km treadmill run, despite localized changes in foot and ankle kinematics and kinetics.

Conclusions: Together, the findings indicate that second metatarsal bone stress is
responsive to changes in the external loading environment and that the model demonstrates

excellent reliability for estimating second metatarsal internal loading.

Running at faster speeds and with load carriage increased in vivo second metatarsal stress,
which may increase the risk of metatarsal BSI. These findings help explain the high
prevalence of second metatarsal BSlIs in runners and military populations who frequently

engage in repetitive loading and load carriage.

A similar effect was not observed following a prolonged run where second metatarsal stress
remained unchanged. This indicates either that prolonged running may not alter peak
metatarsal loading in the same way as speed and load carriage or that the beam theory

model lacked sensitivity to the observed reductions in distal forces.



Sammendrag (Abstract in Norwegian)

Bakgrunn: Belastningsskader i bein (BSI) oppstar hos grupper som utsettes for repetitiv
belastning, for eksempel langdistanselgpere og militeere rekrutter. Hos disse gruppene er
den andre metatarsalen et vanlig skadested for BSI. Risikoen for BSI kan pavirkes av
modifiserbare faktorer, inkludert lgpehastighet, beering av last og langvarig laping, ved at
disse pavirker den interne belastningen i metatarsalen. Den interne belastningen pa
metatarsalen kan estimeres under lgping ved hjelp av en todimensjonal straleteorimodell
basert pa eksperimentelt malte inndata. Variasjon i modellinndataene, inkludert
eksperimentelt malt geometri, kinetikk og kinematikk, kan pavirke repeterbarheten innenfor

en dag og reliabiliteten mellom dager for estimatene av belastningen i bein.

Mal: Hovedmalet med denne avhandlingen var & undersgke hvordan modifiserbare faktorer,
inkludert lapehastighet, beering av last og langvarig leping, pavirker den interne belastningen
i den andre metatarsalen under lgping. Avhandlingen hadde ogsd som mal & kvantifisere
repeterbarheten innenfor samme dag og reliabiliteten mellom dager for estimatene av

metatarsalbelastningen.

Metoder: Dataene for alle tre studiene ble samlet inn fra én deltakergruppe i lgpet av to
besgk ved biomekanikklaboratoriet. Deltakerne var 28 friske (14 kvinner/14 menn) lgpere
med bakfotslanding i alderen 18 — 40 ar. Under det fgrste laboratoriebesgket ble deltakerne
screenet for landingsmgnster, og de som kvalifiserte gjennomfgrte seks lgpebetingelser ved
tre ulike hastigheter, bade med og uten beering av last. Under det andre laboratoriebesgket
gjennomfgrte deltakerne lgpsforsgk over bakken i sin foretrukne hastighet fgr og etter et 10
km-lap pa tredemglle med hgy anstrengelse. Kinematiske og kinetiske data ble samlet inn
under barfotlgping pa bakken ved hjelp av et optisk bevegelsessystem, en trykkplate og en
kraftplattform. Beinbelastningen ble beregnet pa de dorsale og plantare overflatene av

midtskaftet i den andre metatarsalen ved hjelp av en todimensjonal straleteorimodell.



Resultater: Estimeringene av belastningen i den andre metatarsalen viste hgy repeterbarhet
innenfor samme dag og hgy reliabilitet mellom dager. Lapehastighet og beering av last
pavirket beinbelastningen i den andre metatarsalen uavhengig av hverandre.
Beinbelastningen gkte bdde med gkende lapehastighet og ved beering av last. Det ble
observert variasjon mellom deltakerne i maksimal belastning, der individuelle responser pa
betingelsene avvek fra gruppetrendene. Den maksimale bakkereaksjonskraften under den
andre metatarsalen var sveert sterkt korrelert med beinbelastningen i den andre
metatarsalen. Beinbelastningen i den andre metatarsalen under lgping over bakken i
foretrukket hastighet endret seg ikke etter et 10 km-lap pa tredemglle med hgy anstrengelse,

til tross for lokale endringer i fot- og ankelkinematikk og -kinetikk.

Konklusjoner: Samlet sett viser funnene at beinbelastningen i den andre metatarsalen
pavirkes av endringer i den ytre belastningen, og at modellen viser hgy reliabilitet ved

estimering av intern belastning i den andre metatarsalen.

Laping i hgyere hastigheter og med beering av last gkte beinbelastningen i den andre
metatarsalen in vivo, noe som kan gke risikoen for belastningsskader i den andre
metatarsalen (BSI). Disse funnene bidrar til & forklare den hgye forekomsten av BSI i den
andre metatarsalen hos lgpere og militeerpersonell som ofte utsettes for repetitiv belastning

og baering av last.

En tilsvarende effekt ble ikke observert etter en langvarig lepetur, der beinbelastningen i den
andre metatarsalen forble uendret. Dette indikerer enten at langvarig leping ikke pavirker
maksimal metatarsalbelastning p4 samme mate som hastighet og baering av last, eller at
straleteorimodellen hadde begrenset sensitivitet for de observerte reduksjonene i distale

krefter.
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Introduction

1 Introduction

1.1 Overview

A bone stress injury (BSI) is an overuse injury which occurs when repetitive mechanical
loading exceeds the bone’s capacity for repair, resulting in structural damage, bone pain, and
tenderness."? BSls occur along a continuum from stress reactions to stress fractures, with
the potential to progress to complete fractures.' Due to the repetitive loading experienced
during training, BSls are a common overuse injury in runners and military recruits.®>* BSls can

require a minimum of six weeks break from the inciting activity.®

For injury prevention and management, it is important to understand risk factors for BSls.
Risk factors are multifactorial and involve mechanical and biological factors, including both
modifiable (e.g., training load) and non-modifiable (e.g., sex) factors."? The mechanical load
applied to bone and the ability of bone to resist deformation from loading are important
factors in BSI development. Bone loading refers to the application of external or internal
mechanical forces to bone that generate internal stresses and strains within the bone. Bone
loading during running typically occurs from the application of ground reaction forces (GRF)
and from muscle and tendon forces acting directly on the bone.® Biomechanics can be used
to investigate how modifiable factors such as running speed, load carriage, and prolonged

running influence internal bone loading.

Internal loads, however, are difficult to measure and are typically quantified using either
surgically implanted strain gauges or musculoskeletal modeling. While the metatarsals,
especially the second metatarsal, are common locations for BSls in runners and military
recruits,”® few studies have quantified internal metatarsal stresses or strains during
repetitive loading activities such as running.®'2 The second metatarsal is particularly at risk
for BSIs due to higher loading''® and smaller average bone geometry compared to other

metatarsals and the tibia. When using modeling approaches based on experimentally
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measured inputs to estimate internal loads, it is also important to quantify the within-day
repeatability and between-day reliability of metatarsal bone stress estimates to distinguish

true differences between conditions from measurement variability.

1.2 Bone Stress Injuries

1.2.1 Etiology and Continuum of Bone Stress Injuries

Bone adapts to mechanical loading, with normal physiological loading being necessary for
bone to maintain its current volume and structural integrity.' Relatively few loading cycles
can induce the formation of new bone by stimulating remodeling, while repetitive
submaximal loading can lead to damage accumulation.'® Without adequate repair, bone can
fail from repetitive loading cycles at stress levels well below the bone’s ultimate failure
strength. Bone stress injuries are associated with repetitive loading activities such as

running, where bone experiences submaximal cyclic loads at frequencies as low as 1-3 Hz."”

Under normal physiological loading conditions, bone is constantly accumulating
microscopic damage (microdamage) in the form of microcracks (Figure 1). The accumulation
of microdamage is not pathological but a normal physiological process.' Bone stress
injuries occur when microdamage accumulation from repetitive submaximal mechanical
loads exceeds the remodeling capacity of the bone." There are three general stages of bone
failure that occur due to repetitive loading: microcrack initiation which occurs as a response
to loading, microcrack growth which occurs when bone remodeling is insufficient, and
coalescence or merging of smaller cracks.? Bone remodeling has been shown to

preferentially occur in areas with moderate microdamage accumulation.'”

Bone stress injuries occur along a continuum with stress reactions being an early and less
severe form of BSl and stress fractures being a more severe form, which can lead to complete
bone fractures.' BSIs can be classified into four magnetic resonance imaging (MRI) grades,

with grades one to three indicating bone edema of the periosteum (the connective tissue on

2
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the outer bone surface) consistent with a stress reaction and grade four indicating

involvement of the cortical bone (the compact outer layer of bone) with a visible fracture line

on imaging, consistent with a stress fracture.®
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Figure 1: Microscope image of a cross-section of human compact bone stained with fuchsin.
Arrows indicate linear microcracks which occurred under physiological loading conditions. Image

reproduced from Seref-Ferlengez et al.’? with permission of the authors.

1.2.2 Epidemiology and Burden of Bone Stress Injuries in Runners and Military

Recruits

Running is one of the most popular forms of physical activity worldwide.' This widespread
participation is accompanied by a high prevalence of musculoskeletal overuse injuries,?
with the overall injury prevalence in runners reported to be as high as 85%.242° The high injury

incidence may be explained by the repetitive loading in running. Running involves external
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loads of about two to three times body weight.® The cyclic application of loads? over the

course of a run means that bones and joints are loaded in a repetitive manner.

BSIs are one of the most prevalent injury types in both runners?2” and military recruits.®*
The repetitive loading experienced during running and military tasks, including load carriage,
can lead to microdamage and elevated BSl risk in the absence of adequate recovery.” BSls

commonly occur in the tibial shaft and metatarsals in runners and military recruits.20-32

The incidence of BSls in competitive runners has been reported to range from 5to 21% during
a 1-year period.’ In military populations, the incidence of BSIs ranges from 1 to 31%,%-% with
the highest rates observed during the first 4 — 6 weeks of basic training.*** In addition to a
high incidence, BSls impose a substantial burden due to prolonged time loss from activity.

The mean time to return to unrestricted activity can range from 6 to 27 weeks.5>¢

1.3 Risk Factors for Bone Stress Injuries

Bone stress injury risk depends on the load applied to bone and the ability of bone to resist
deformation. Warden et al." divides risk factors for BSI into two categories: 1) factors
modifying the load applied to bone (mechanical risk factors), and 2) factors affecting the

ability of bone to resist load without accumulating damage (biological risk factors).

1.3.1 Mechanical Risk Factors

Microdamage occurs as a result of increasing load magnitudes and the number of loading
cycles experienced by bone.” When considering running, bone loading is affected by both
external and internal forces which can be described by the following loading characteristics:
magnitude, rate, duration, frequency, and direction.” Increases in training load are related to

increased risk of BSI through modification of these factors.

Running at faster speeds increases the magnitude of loading by increasing both external

GRFs* and internal muscle forces.® Faster running speeds have also been linked to
4
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increased probability of tibial stress fracture.®® In contrast, there is very limited evidence
associating GRF loading rates and peak accelerations with a history of tibial stress fracture,*®
with more recent prospective and mechanical fatigue studies showing that loading rates
have little or no influence on bone fatigue and BSI risk.*"*2 Duration describes the length of a
run or the number of loading cycles experienced by bone. The risk of bone stress injury
increases with increasing loading cycles at a given load magnitude due to the accumulation

of microdamage in bone (Figure 2).2543

Loading frequency describes how often bone is loaded relative to recovery time. When bone
is loaded frequently with insufficient recovery time, bone remodeling can become
imbalanced, with osteoclastic resorption exceeding osteoblastic bone formation. Since
bone formation takes longer than resorption, repeated loading during this period can lead to

microdamage accumulation and increased risk of bone stress injury.445

The direction of loading also influences the mechanical response of bone. Bone is
anisotropic, meaning that its properties differ when loaded in different directions.* The
direction of bone loading affects risk of BSI since bone is stronger under compression than
tension.“®*’ Bone is moderately strong under bending which consists of compression on the
concave side and tension on the convex side.*® Cortical bone is weakest under shear loading
compared to compression and tension.“® Metatarsal BSls typically occur in the diaphysis

(shaft) of cortical bone*® which experiences both shear and bending forces during running.®%°

Running kinematics such as lower-extremity joint angles have the potential to affect BSI risk
by altering the magnitude and direction of bone loading.>%' However, evidence of kinematic
risk factors for BSl is limited and inconsistent. There is very limited evidence, for example, of
an association between increased peak rearfoot eversion angle and increased peak hip
adduction angle and a history of tibial BSI. There is also conflicting evidence of the

relationship between high and low foot arches and BSl risk.%2
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Figure 2: Theoretical S-N curve illustrating the relationship between stress magnitude and the
number of loading cycles to failure in bone.?”:%% Above the curve, cyclic loading results in damage
accumulation that exceeds the repair capacity of bone, increasing the risk of bone stress injury.
Below the curve, damage accumulation remains within the repair capacity of bone, reducing the

risk of bone stress injury.

Training factors influence BSI risk by modifying loading magnitude, duration, and frequency.
Runners are at particularly high risk due to the combination of high numbers of loading cycles
and high loading magnitudes.? Rapid increases in training load are associated with elevated
BSI risk, particularly in military recruits and athletes during early training periods.® Load
carriage tasks in military populations further amplify risk by increasing loading magnitude.®®
Increases in training volume or session frequency raise BSI risk by increasing loading cycles

or loading frequency, while higher running speeds increase risk through greater magnitudes
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of external GRFs®” and internal muscle forces.®*® When physical activity levels are increased
too rapidly or frequently compared to the level an individual is adapted to, the balance
between bone microdamage formation and bone repair can be disrupted, increasing the risk

of BS|."¥

1.3.2 Biological and Behavioral Risk Factors

Biological factors related to BSI risk affect the ability of bone to resist load. More compliant
bones experience greater deformation than more rigid bones under the same applied load
and are thus more susceptible to microdamage and BSIs." Biological characteristics which
influence bone rigidity include bone mass, structure (distribution of bone mass), and quality
of bone material.%" Prospective studies have shown that smaller bone mass, smaller cross-
sectional size, and lower bone mineral content were associated with increased risk of BSI."-%*
Muscles apply load to bone but may also play a protective role for BSI risk. Prospective
studies have shown that smaller muscle size and strength are associated with increased BSI
risk.>5" Muscle fatigue may reduce the protective effect of muscles as bone strain has been
shown to increase during exertional running.>%' Additional biological factors which have been
associated with BSI risk include female sex, older age, both low and high body mass
index.%"%% A history of BSI is one of the strongest predictors of future BSI risk,"2% likely

reflecting an underlying susceptibility to bone injury.

Modifiable behavioral factors relate to BSI risk in both military and athletic populations by
influencing the ability of bone to resist loading. A limited history of physical activity has been
linked to increased risk of BSI in both populations,’25:53% [ikely because the bone is not
adapted to tolerate higher levels of loading. Additionally, low energy availability and
nutritional deficiencies (low calcium and vitamin D levels) have been associated with
increased BSI risk."2% Sleep quality and duration may also influence BSI risk but this
relationship is poorly understood.?%”% Psychological factors including psychological stress

may also be related to BSI risk but this relationship is also not well understood.23':5°
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1.4 Second Metatarsal Bone Stress Injuries

The second metatarsal bone in the forefoot is one of the most common injury sites for BSl in
runners and military recruits.”® In a population of Royal Marine recruits, 65% of stress
fractures reported were in the metatarsals, of which 27% were in the second metatarsal,’
while in a cohort of competitive collegiate track and field athletes and cross-country runners,
21% of BSls occurred in the metatarsals, with 23% in the second metatarsal.®® The relatively
high incidence of second metatarsal BSls may be influenced by bone geometry, with the
second metatarsal being on average the longest metatarsal with the narrowest diaphyseal
width (Figure 3)." The second metatarsal has also been shown to experience higher vertical
plantar force, bending strain, shear force,'® compression strain,'®'-%3 and tension strain 32

during dynamic loading compared to the other metatarsals and the tibia.

Figure 3: Dorsal view of the bony anatomy of the human foot, with the first through fifth metatarsals
labeled (M1-M5) and the second metatarsal highlighted in red. Image generated using OpenAl
ChatGPT.
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Second metatarsal BSIs most commonly occur in the shaft of cortical bone.*®54% BSls of the
second metatarsal shaft are considered low risk for complications, with an average return to
activity of 8 weeks and return to full activity of 10 — 11 weeks.®%” It remains unclear whether
diaphyseal metatarsal BSIs occur more commonly at the dorsal or plantar aspect of the
bone. Bone stresses at both the dorsal and plantar aspects of the mid-shaft of the second

metatarsal were therefore analyzed in Papers |, I, and Ill.

1.5 Quantifying Second Metatarsal Loading

Quantifying internal bone loading allows us to better understand factors contributing to the
risk of second metatarsal BSI. Internal bone loading is, however, difficult to measure and is
typically quantified using surgically implanted strain gauges or computational modeling.
Arndt et al.®® used implanted strain gauges to measure in vivo second metatarsal strain
during barefoot treadmill walking and found increased compression strain with walking-
induced fatigue and load carriage. However, only walking was examined and not running,
despite runners having a high prevalence of metatarsal BSI. Donahue and Sharkey® used
strain gauges in cadaveric feet with a dynamic gait simulator to measure second metatarsal
strain and found that simulated muscle fatigue of the plantar flexors and cutting the plantar
fascia both increased dorsal strain. However, the study only included cadaveric feet and may

not reflect dynamic loading in vivo.

Milgrom et al.’® used strain gauges to measure in vivo second metatarsal and tibial strains
and found that metatarsal compression strains were greater than tibial strains during
treadmill walking and running, both barefoot and in running shoes. The study, however,
included only two participants and did not examine the effects of modifiable gait factors on
metatarsal loading. Together, these strain gauge studies provide evidence that second
metatarsal loading is influenced by external loading conditions and fatigue. However, they
are limited by small sample sizes, were mostly non-running or cadaveric studies, and did not

investigate how modifiable gait factors influence in vivo metatarsal loading during running.
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While strain gauges offer a direct method for quantifying metatarsal loading, they are limited
in that they involve invasive surgical implantation and only measure highly localized strain at
the bone surface. More recent studies have employed computational modeling approaches
to estimate second metatarsal loading non-invasively. Ellison et al. ran two separate
analyses of the same dataset using both a two-dimensional (2D) beam theory model® and a
three-dimensional (3D) finite element model'" to estimate in vivo second metatarsal stress
during barefoot running. Both modeling approaches found no difference in metatarsal stress
between rearfoot and non-rearfoot strike runners. While finite element modeling considers
the internal stress distribution within the bone and allows for more participant-specific
model customization, itis computationally intensive and has been shown to produce similar
relative differences and conclusions to a simpler 2D beam theory model using the same
dataset.”® However, only foot strike was investigated and it remains unclear how other

modifiable gait factors which may be relevant for injury risk influence metatarsal stress.

A study by Firminger et al.’> used musculoskeletal and finite element modeling to estimate
in vivo second metatarsal strain during running and found that reducing stride length did not
significantly affect strain, while wearing minimalist compared to traditional shoes increased
strain and the probability of bone failure. However, the study did not consider how running
speed, load carriage, or prolonged running influence metatarsal loading. Together, these
modeling studies indicate that second metatarsal loading during running is not substantially
influenced by foot strike pattern or stride length but may increase with minimalist with
footwear. It remains unclear how other modifiable factors including running speed, load
carriage, and prolonged running influence in vivo second metatarsal loading during running

and thus may contribute to injury risk.

Few studies have investigated second metatarsal loading in vivo, and it is unknown how well
external loading approximates internal loading in the metatarsal during running. In the tibia,
external loading metrics, including GRFs, have been shown to be poor surrogates for internal

tibial loading during running.”” It therefore remains unclear how well external loading metrics,
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including vertical force under the second metatarsal and vertical GRF, and variables related
to external loading, including body mass and running speed, relate to second metatarsal
stress during running. Understanding how well these external loading metrics relate to
internal metatarsalloading may be useful for researchers, clinicians, and coaches interested

in estimating metatarsal loading using simpler, more accessible metrics.

1.6 Within-Day Repeatability and Between-Day Reliability of Stress

Estimates

Second metatarsal bone stress during running was estimated in this thesis using a 2D beam
theory model of the second metatarsal.® The model relies on experimentally measured
geometric, kinetic, and kinematic inputs as outlined in Section 2.4, including forces under
the second metatarsal and the metatarsal pitch angle. The modelinputs canvary due to both
normal physiological fluctuations in running mechanics and methodological factors such as
marker placement. Differences in marker placement between laboratory visits may
influence stress estimates since marker positions are used to determine second metatarsal
and second toe lengths. A prior sensitivity analysis of the model showed that a 10% increase
in second metatarsal length modestly increased peak dorsal and plantar stresses.”® Due to
potential variability in model inputs, it is unknown how repeatable metatarsal bone stress
estimates are between trials within a single laboratory visit and how reliable these estimates
are across separate laboratory visits. Quantifying both within-day repeatability and between-
day reliability is important for distinguishing normal physiological variability from meaningful

experimental effects and for contextualizing changes in estimated metatarsal bone stress.
1.7 Modifiable Factors Influencing Second Metatarsal Loading

1.7.1 Running Speed

Running speed is a modifiable factor which may affect second metatarsal bone stress by

altering the magnitude of external and internal loading. In the tibia, probabilistic modeling
11
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using experimental data showed that reducing running speed by 1 m/s reduced the estimated
risk of tibial stress fracture by 7 — 10%.%° A beam theory model with experimentally measured
inputs showed that increasing running speed by 20% increased tibial loading.”> However, it is
unknown whether these findings translate to the second metatarsal. In the second
metatarsal, peak plantar pressure measured with pressure-sensing insoles or a pressure
plate has been shown to increase with increasing running speed.”®’* However, external
loading measures such as plantar pressure may not reflect internal bone loading. It remains

unknown how altering running speed influences in vivo second metatarsal bone stress.

1.7.2 Load Carriage

Load carriage is another modifiable factor which may affect second metatarsal bone stress
by increasing the magnitude of external and internal loading. Load carriage has previously
been shown to alter gait kinematics and kinetics.” Military recruits commonly engage in load
carriage activities,’® potentially contributing to the high incidence of second metatarsal bone
stress injuries in military populations. Despite this, there has been limited investigation of
the effects of load carriage on internal metatarsal loading. The only known study to
investigate this used strain gauges and reported increased in vivo second metatarsal dorsal
strain during treadmill walking with a 20 kg backpack compared to walking with no additional
load.”” However, strain gauges only measure localized strain at the implantation site and
strain gauge implantation may alter mechanics. Additionally, the study did not investigate
running which may increase injury risk due to higher external and internal loading compared
to walking. It remains unknown how load carriage influences in vivo second metatarsal bone

stress during running.

Since both running speed and load carriage have the potential to increase loading in the
second metatarsal, the combined effect of speed and load carriage may be greater than the
sum of the individual factors. This is particularly relevant for military personnel and

individuals who run while carrying loads. If there is an interaction effect between speed and
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load carriage, then running at faster speeds with load carriage could disproportionately
increase injury risk. The potential interaction between running speed and load carriage on

second metatarsal bone stress has not been previously investigated.

1.7.3 Prolonged Running

Prolonged running may induce muscle fatigue which may influence second metatarsal bone
stress by reducing the capacity of muscles to attenuate mechanical loading. Muscle fatigue
can be defined as the reduced ability of muscles to generate force,’”® which may influence
internal bone loading and thus risk of BSI. Treadmill walking and marching fatigue protocols
have been shown to increase second metatarsal stress and strain and tibial loading.””:7%-%
Running fatigue protocols have been shown to increase® or decrease®?® tibial loading,
suggesting an influence of fatigue on internal bone loading. Cadaveric studies have
demonstrated that simulated muscle fatigue during walking increased second metatarsal
strain,® while simulated muscle contraction reduced second metatarsal dorsal strain,?
suggesting a direct influence of muscle forces on bone strain. Muscle fatigue may thus

increase the risk of BSI by altering internal bone loading.

Ten kilometer running protocols performed at high levels of perceived exertion have
previously been used to investigate the effects of prolonged running on lower-extremity
biomechanics. These protocols have been shown to reduce muscle activity in the
gastrocnemius and vastus lateralis muscles,®® alter running kinematics,® and redistribute
joint work from distal to proximal joints.® These findings indicate that prolonged running can
alter lower limb gait neuromechanics, which may influence injury risk. However, despite the
high prevalence of second metatarsal BSls in runners,®- it is unknown how prolonged,

exertional running influences in vivo second metatarsal loading.

Foot and ankle kinematics and kinetics may also change with running-induced fatigue. Ankle
dorsiflexion angle at initial contact® and ankle plantarflexor moment®°-°2 have been

observedto decrease with running-induced fatigue, indicating a reduced ability of the plantar

13



Introduction

flexors to generate force when fatigued. It remains unclear how a prolonged running protocol
performed at high levels of perceived exertion influences metatarsophalangeal (MTP) joint
kinematics and kinetics. Additionally, it is unclear how altered MTP mechanics affect

metatarsal loading and BSI risk.

1.8 Aims

The overall aims of this doctoral thesis were to determine how modifiable factors including
running speed, load carriage, and prolonged running influence in vivo second metatarsal
bone stress during running, and to quantify the within-day repeatability and between-day
reliability of bone stress estimates using a beam theory model with experimentally measured

inputs. The specific aims of the three papers were:

Paper |

The aim of this study was to determine how running speed and load carriage influence bone
stress in the second metatarsal during running, and to quantify whether these factors
interact. Specifically, the effects of running at preferred speed, 90% of preferred speed, and

110% of preferred speed, with and without an additional 10% body mass, were quantified.

It was hypothesized that second metatarsal bone stress would increase with both increasing
running speed and load carriage, and that there would be an interaction effect so that the
combined influence would increase stress to a greater extent than the sum of the individual

factors.

Paper I

The aim of this study was to determine how an exertional, prolonged run influences second
metatarsal bone stress. Specifically, changes in bone stress and MTP joint mechanics were

quantified following a 10 km treadmill run at 105% of estimated 10 km race time.
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It was hypothesized that second metatarsal bone stress would increase following an
exertional 10 km run. A directional hypothesis was not made regarding MTP joint mechanics

due to limited previous research in this area.

Paper lll

The aim of this study was to determine how repeatable second metatarsal bone stress
estimates were within a day and how reliable estimates were between days. Specifically,
within-day repeatability and between-day reliability of bone stress estimates using a beam

theory model with experimentally measured inputs were quantified.

A hypothesis was not specified due to the lack of prior studies assessing the reliability of

bone stress estimates.
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2 Methods

This thesis is based on data collected from the same cohort of participants during two
separate visits to the biomechanics laboratory. Paper | is based on data collected during the
first laboratory visit which involved running at three different speeds with and without load
carriage. Paper Il is based on data from the second visit which involved an exertional 10
kilometer treadmill run. Data from preferred speed running during both visits were analyzed
in Paper lll to assess within-day repeatability and between-day reliability of second
metatarsal bone stress estimates. This methods section will describe the methods for all

three studies.

2.1 Participants

2.1.1 Sample Size

Participant recruitment was conducted jointly for all three studies (Papers I-lll), with the
same cohort beingincluded in all studies. The minimum sample sizes required to adequately
power each study were calculated separately due to each paper containing different
statistical analyses. Sample size analyses for Papers | and Il were conducted in G*Power

software (Disseldorf, Germany).%

For Paper |, an a priori sample size analysis was conducted for a within-subjects repeated
measures analysis of variance (ANOVA) with running speed at three levels and load carriage
at two levels. Statistical significance was set at a = 0.05 and the study was powered at 80%.
To estimate the corresponding effect size for a repeated-measures ANOVA, Cohen’s f was
calculated as half the Cohen’s d reported by Ellison et al.® for dorsal second metatarsal

stress. The resulting minimum required sample size was 19 participants.

For Paper Il, the minimum required sample size was determined for a paired t-test with two

dependent means (pre- and post-treadmill run). For the sample size calculation, a
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significance level of a = 0.05 was used with a power of 90%. Cohen’s d effect size was
calculated to be 0.62 based on data from a study which quantified differences in peak tibial
bending moments pre- and post- a 10 km treadmill run.®? The results of the sample size

estimate yielded a minimum 24 participants to adequately power the study.

Since the data for Paper lll had already been collected, a post hoc precision-based approach
was performed to assess if the sample size was adequate to power the analysis.* The
observed intraclass correlation coefficient (ICC) for second metatarsal dorsal stress was
used to determine the minimum sample size required to achieve a 95% confidence interval
width of 0.10 for this ICC. Calculations were performed in R (v4.5.1, R Foundation for
Statistical Computing, Vienna, Austria) and resulted in a minimum sample size of 17

participants to adequately power the study.

Since Paper Il had the largest sample size requirement with a minimum of 24 participants, it
was used as the basis for participant recruitment. A conservative sample of 28 participants
were included in the study cohort to account for any potential study drop out or in case of

possible poor data quality for some participants.

2.1.2 Inclusion and Exclusion Criteria

Participants were included who were any gender, ages 18-40 years, ran at least 15 km per
week, ran at least three times per week, had been running on a regular basis for at least three
years, and were rearfoot strikers. Study participation was limited to rearfoot strikers since
foot strike pattern influences running biomechanics® and rearfoot strikers typically maintain
a rearfoot strike when fatigued.®® Participants had also completed a maximal-effort run of
anydistance from 5 km to a marathon in the last 2 years, which allowed them to self-estimate
their maximal-effort 10 km time. Participants were comfortable running 10 km on a treadmill

and could run barefoot without pain.
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Exclusion criteria included any neurological, musculoskeletal, or movement disorder, or
current pregnancy. Participants were excluded if they had any lower extremity injury within
the previous six months, any previous foot or ankle surgery, any symptomatic foot pathology,
or any illness or injury that prevented running. Body mass greater than 100 kg was also an
exclusion criterion since the maximum carrying capacity of the weight vest used in the load
carriage conditions was 10 kg and the weight vest was set to 10% of a participant’s body

mass.

2.1.3 Recruitment and Ethics

Participants were recruited through flyers placed around the local area in Oslo, posts on
social media, and a project page on the school’s website. The study was approved by the
ethics committee at the Norwegian School of Sport Sciences (Approval number 281 -
150623) and Sikt — The Norwegian Agency for Shared Services in Education and Research

(Appendix I). All participants provided written informed consent prior to participation.

2.1.4 Questionnaires

Participants completed an online screening survey prior to visiting the biomechanics
laboratory. The screening survey assessed basic study eligibility including age, running
habits, injury within the previous six months, comfort with running 10 km on a treadmill, etc.
(Appendix Il). Answers from the screening questionnaire were only used to determine
potential study eligibility and were not analyzed. Participants also completed the Modified
Physical Activity Readiness Questionnaire (PAR-Q)¥” to screen for underlying health
conditions prior to performing running trials in the lab (Appendix Ill). Any “yes” answers on
the PAR-Q disqualified participants from inclusion in the study. Participants completed a
running history questionnaire during their laboratory visit which asked about participants’
age, sex, leg dominance, weekly running volume, running frequency, years of running
experience, previous injuries, etc. (Appendix IV). A previous injury was defined as a running-
related injury which caused the participantto miss three or more planned running sessions.®
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Leg dominance was determined by asking participants which leg they would use to kick a

ball.

2.2 Procedures

2.2.1 Participant Screening

Participants were screened for foot strike type at the beginning of the first laboratory visit. The
screening trials were used to assess study eligibility and also served as a warm-up and
familiarization for eligible participants. For the screening trials, participants ran at a self-
selected comfortable running speed that approximated their preferred running speed for a
typical length run. Participants first ran in their own running shoes and then barefoot since

footwear can influence preferred foot strike pattern.®®

Participants ran over a pressure plate (HR Mat, TekScan, Norwood, MA, USA, 0.49 m 0.45 m
0.01 m, with 8,448 sensors, 185 Hz, 3.9 sensors/cm?). The pressure plate was setin a 14.4-
m ethylene-vinyl acetate (EVA) runway (0.02 m thick) with a gap where the pressure plate was
located. An EVA runway was used due to its similarity to the midsole of a shoe and to
encourage runners to retain their natural foot strike pattern. To monitor running speed,
wireless infrared timing gates (TCi System, Brower Timing Systems, Draper, UT, USA) were
placed 5-m apart and centered around the pressure plate. Participants did not receive

feedback on running speed during the screening procedure.

At least three shod screening trials were conducted with the participant’s entire left or right
foot landing within the bounds of the pressure plate, no obvious targeting of the plate, and no
obvious accelerating or decelerating. If the foot strike pattern differed between trials, more
trials were collected until a majority pattern could be determined. Participants repeated the
screening process while barefoot until at least three acceptable barefoot trials were

collected. Participants qualified for the study if they ran with a rearfoot strike while both shod

19



Methods

and barefoot. A rearfoot strike was defined as the center of pressure during the first frame of

stance being located in the rear third of the foot in the pressure data.

No instructions or feedback were given to participants regarding foot strike unless a
participant demonstrated a rearfoot strike during the shod trials but switched foot strike
types during the barefoot trials. In the case of switching to and maintaining a non-rearfoot
strike, the participant was instructed to try landing with a rearfoot strike while running
barefoot. The participant was excluded from the study if they reported that landing with a
rearfoot strike did not feel natural during barefoot running. The average running speed during
the barefoot screening trials was used to determine the participant’s preferred running speed

since the overground testing trials were conducted barefoot.

2.2.2 Marker Placement

Barefoot running was chosen for the overground running trials to allow for placement of
markers directly on the foot. Fifteen retro-reflective spherical markers (six mm in diameter)
were placed on participants’ right foot in a modification of the Rizzoli multi-segment foot
marker set.*® The Rizzoli marker set allowed for multi-segment kinematic and kinetic analysis
and was modified to facilitate measurement of the second ray. The marker set was modified
by adding markers on the head of the middle phalanx of the second toe and on the base and
head of the third metatarsal, while removing markers on the tibial tuberosity and fibular head
(Appendices V and VI). Key markers include those on the second metatarsal head at the
dorso-medial aspect of the second metatarso-phalangeal joint, second metatarsal base at
the dorso-medial aspect of the second metatarso-cuneiform joint, and the head of the
middle phalanx of the second toe at the most distal and dorsal point and were used to define
the second metatarsal and second toe segments. Six-millimeter markers were used to
minimize tracking challenges such as marker merging which can occur from the close

placement of markers on the foot, particularly at the metatarsal heads.
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Additional markers (10-12 mm) were positioned on the right medial and lateral malleoli, right
knee medial and lateraljoint lines (medial and lateral to the estimated average axis of rotation
ofthe knee joint'®), bilateral anterior superior iliac spines, iliac crests, posterior superioriliac
spines, suprasternal notch, C7, and bilateral acromioclavicular joints. Rigid cluster shells
with four noncolinear markers were placed on the right thigh and shank segments and
wrapped with elastic bandages to minimize movement relative to the segment. Markers were
placed on segments proximal to the foot to allow for investigation of proximal segment

kinematics including knee and hip kinematics.

All markers were adhered directly to skin and not to clothing. Marker locations were marked
on the skin with surgical pen to assist with marker replacement following the 10 km run and
in the case of markers falling off. Markers were secured using double sided tape. Marker
locations were all determined by the same researcher (NF) for consistency in marker
placement. The right leg was arbitrarily selected for all participants. A static standing trial
was taken before the start of the overground running trials to define reference marker

positions and segment lengths.

2.2.3 Overground Running

All overground running trials were conducted barefoot to allow for the placement of markers
directly on the foot and to eliminate the influence of footwear on running biomechanics.*
Participants ran overground while kinematics data were collected in 3D at 185 Hz using 23
motion capture cameras (Oqus 500 and 700, Qualisys, Goteborg, Sweden) and ground
reaction forces were recorded in 3D at 1850 Hz from a floor-embedded force plate (AMTI,
Watertown, MA, USA). The pressure plate was located directly over the floor-embedded force
plate so that ground reaction forces and plantar pressures could be recorded from the same
running step. For all trials, the sampling rate of the motion capture cameras was the same as
the pressure plate, with the force plate capturing at 10 times that frequency. For the first five

participants, the pressure plate recorded at less than 185 Hz (92.5 to 174 Hz) due to technical

21



Methods

issues. Data from these first five participants were checked before being included in the

analysis as detailed in the data analysis section.

A successful trial was defined as a trial in which the whole foot landed within the bounds of
the pressure plate, the participant did not appear to target the plate, the running speed was
within = 5% of the target speed, and the participant landed with a rearfoot strike (the center
of pressure was within the rear third of the foot in the first frame of stance). Five to eight
successful overground trials were collected for each running condition to ensure at least five

usable trials.

2.2.4 Running Conditions

During the first laboratory visit, after the screening trials to determine if participants were
rearfoot strike runners, eligible participants performed six different running conditions. The
running conditions were performed barefoot overground with and without a weight vest
carrying 10% of the participant’s body mass. The mass in the weight vest was evenly
distributed between the front and back of the vest. Participants ran at three different running
speeds: preferred speed (determined during the screening trials), 90% of preferred speed
(slower speed), and 110% of preferred speed (faster speed). Trials at each running speed

were performed both with and without the weight vest.

Five to seven successful trials were collected for each running condition during the first visit.
The order of the running conditions was randomized for each participant using an online
random sequence generator. Participants had a ~10 minute break halfway through testing on
the first visit to complete the digital running history survey (Appendix IV). If a participant
consistently switched to a non-rearfoot strike type at any point in the study, they were given

verbal instructions to land with a rearfoot strike.

For the load carriage conditions, ten percent of body mass was chosen to investigate if even

a relatively small increase in load carriage would increase metatarsal stress. The relatively
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low mass was also chosen to ensure that it was not overly physically demanding for
participants who may not be accustomed to running with added mass to complete all six

running conditions.

On the second laboratory visit, five to eight successful barefoot overground trials were
performed pre-10 km treadmill run at the same preferred running speed as the first visit.
Another five to eight successful barefoot overground trials were conducted following the 10

km treadmill run, again at preferred speed.

2.2.5 10 km Treadmill Run

During the second visit, after the pre-treadmill overground trials, participants were asked to
run for 10 kilometers on a non-instrumented treadmill. Participants ran in their own running
shoes on the treadmill. The treadmill was set to 105% of each participant’s self-reported
maximal-effort time for a 10 kilometer run. The 10 km treadmill protocol was based on a
previously published protocol which resulted in changes to running kinematics and

kinetics.%7:88

The treadmill speed was set to each participant’s pre-determined speed for the duration of
the 10 km run unless the participant requested a reduction in speed if they felt that they could
not complete the 10 km at the current speed. Participants could request areduction in speed
as many times as they felt necessary. For each request, the speed was reduced by a set
amount of 0.05 m/s. Participants rated their perceived exertion (RPE) on the Borg scale™
every kilometer of the treadmill run. Participants were given a choice between an English or

Norwegian version of the Borg scale (Appendix VII).

After completion of the treadmill run, shoes were removed, paper towels were used to
remove sweat from the foot, and the foot and ankle markers were reattached using the pen
marks for guidance. The transition time from the treadmill to the post-treadmill overground

trials was recorded. A new static standing trial was captured, and the overground running
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protocol was repeated for five to eight successful post-treadmill trials at the same preferred

running speed (* 5%) as the pre-treadmill trials.

2.3 Data Processing

2.3.1 Signal Processing and Filtering

For the forces involved in the calculation of second metatarsal stress, the stance phase of
running was defined using a force threshold of 5 N for both the pressure plate and force plate.
The threshold was set to retain as many frames of data as possible from the pressure plate
due to the lower capture frequency compared to the force plate. For lower extremity
kinematics and kinetics, a vertical force threshold of 20 N was used to define stance phase

and ground contact time as these data were not dependent on the pressure plate.

For data from the first visit, marker trajectories and ground reaction force data were filtered
with a fourth-order lowpass Butterworth filter with cut-off frequencies of 12 and 50 Hz,
respectively in Visual3D (HAS Motion, Kingston, Ontario, Canada). For data from the second
visit, due to the analysis of joint moments, marker trajectories and GRF were filtered with a
fourth-order Butterworth filter with cut-off frequencies of 20 Hz. Using the same cut-off
frequencies for kinematic and force data is recommended to minimize signal noise while
retaining physiological signals when analyzing joint moments using inverse dynamics.'* For
Paper lll, data from the first visit was refiltered with a cut-off frequency of 20 Hz for both

marker trajectories and force data to facilitate comparison the data from the second visit.

Data were interpolated to 101 frames of stance phase. Data from the five participants where
the pressure plate capture frequency was less than 185 Hz were included in the analysis
based on visual comparison of the summed total foot pressure data time-series with the
vertical force plate data time-series. The within-participant study design also ensured that
participants were compared to themselves, minimizing the potential influence of differences

in capture frequency.
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2.3.2 Calculation of Model Inputs

Strideway software (Strideway 7.80, TekScan, Norwood, MA, USA) was used to automatically
apply regional anatomical masks to the pressure data to determine the second metatarsal
and second toe regions. Regional masks were manually adjusted when necessary to ensure
that each region of interest was fully contained within its respective mask. To try to improve
consistency between trials, the minimum number of adjustments were made to define each
region (Figure 4).

Unadjusted Adjusted Second

Toe Region

Second
Metatarsal
Region

Figure 4: Example from a single trial demonstrating the manual adjustments made to the automatic
regional masks in Strideway v7.80 (TekScan, Norwood, MA, USA). The left image shows the
unadjusted regional masks and the right image shows the masks after manual adjustment for the

second metatarsal and second toe regions.

To determine the vertical and horizontal ground reaction forces acting under the second

metatarsal and second toe, the whole body vertical and horizontal GRFs were scaled
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according to the percentage of force under those regions in the pressure data. The second
metatarsal pitch angle was calculated by taking the inverse sine of the ratio of the vertical
distance between the second metatarsal head and base markers divided by the 3D vector
distance between the two markers. The length of the second metatarsal was defined as the
3D vector distance between the markers on the second metatarsal head and base, while the
length of the second toe was defined as the 3D vector distance between the marker on the

second metatarsal head and the head of the middle phalanx of the second toe.

2.3.3 Gait Event Detection

To calculate stride length and stride frequency, foot strikes were defined when the vertical
velocity of the inferior posterior calcaneus marker crossed zero from negative to positive.
Additionally, an anteroposterior heel marker velocity threshold of near zero (6.5 x 10-°%) was
set to prevent false foot strike detections during swing phase. One stride per trial was

analyzed with a minimum of five strides required per participant for inclusion in the analysis.

2.4 Beam Theory Model

2.4.1 Model Overview

A previously published 2D beam theory model of the second metatarsal was used to
estimate dorsal and plantar stresses at the bone midshaft (Figure 5).° The model treated the
metatarsal as a cantilevered beam fixed at the proximal end and was based on previous
models from Stokes et al.*® and Gross and Bunch.' The Stokes model estimated second
metatarsal forces during walking using cadaver bone geometries scaled to each participant,
forefoot orientation relative to the ground from 2D video, and vertical forces measured under
the metatarsal and toe. Gross and Bunch modified the model to estimate second metatarsal
stress and strain during running by representing the metatarsal as a hollow ellipse and using
generic bone geometries from literature but did not incorporate metatarsal pitch angle.

Ellison et al.® further developed the model to incorporate participant-specific bone
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geometries from MRI, experimentally measured vertical and horizontal forces under the

second metatarsal and toe, and metatarsal pitch angle from 3D motion capture data.

2.4.2 Model Development

Ellison et al.*’® modified the previous models by assuming that the short and long plantar
tendons share force equally between them and can be represented by a single force vector
acting in the direction of the midpoint between the tendons. Ellison’s approach enabled a
deterministic solution to the plantar tendon contributions, in contrast with Stokes et al. who

gave upper and lower force bounds due to indeterminate tendon force distribution.

In contrast with previous models, Ellison et al. also incorporated horizontal forces under the
second toe and metatarsal as inputs into the model in addition to vertical forces under these
segments. However, the model is most sensitive to vertical force under the second
metatarsal and the sensitivity to horizontal forces appears limited,”® although these

horizontal forces have been retained as inputs in the present thesis.

Additionally, Ellison et al. used participant-specific bone geometries based on MRl data. The
second metatarsal was segmented from the MRl and a midshaft cross-section (at 50% of the
metatarsal length) was analyzed. The cortical bone from the cross-section was divided into
a series of triangles from which cross-sectional properties such as the area moment of

inertia could be calculated using a custom automated MATLAB script.®”°

In the present thesis, mean bone geometries from MRI data in a cohort of 20 healthy
recreational runners were used in the model.® Participant-specific second metatarsal and

toe lengths determined from static trial marker positions were also used in the model.

2.4.3 Model Assumptions

Model assumptions are outlined in Stokes et al.’® and Ellison et al.%’° The assumptions
described in Stokes et al. and retained by Ellison et al. were:
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e The metatarsophalangeal (MTP) joints were frictionless
e Forces due to acceleration of the components were negligible
e Forces from the toe extensor muscles and MTP joint ligaments were negligible

e The five foot rays acted independently of each other

Assumptions added by Ellison et al. include:

e External forces were applied at points under the distal metatarsal head and toe

e Mediolateral forces and kinematics were negligible

o Flexor muscle forces were represented by two plantar tendons (long and short) with
equal load distribution

e The toe segment was parallel to the ground during ground contact

e Segment masses were negligible

2.4.4 Model Equations

As shown in the overall free-body diagram of the second ray (Figure 5), the model equations

are as follows and were calculated in MATLAB (R2024b, MathWorks, Natick, MA, USA).

The forces from the short and long plantar tendons were represented by a single force acting
in the direction of the midpoint between the two tendons. The angle between tendons was
estimated to be 10° based on cadaver measurements,'® giving the angle of plantar tendon
action (6):

0= 10° 1
= a—— D

where a is the second metatarsal pitch angle relative to the horizontal.
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a

Figure 5: Overview of the 2D beam theory model used to estimate dorsal and plantar stresses at the
second metatarsal midshaft. Model inputs included pitch angle (a) which represents the angle
between the metatarsal and the horizontal, vertical (Fn.) and horizontal (Fm,) forces under the
metatarsal, vertical (F) and horizontal (Fy) forces under the second toe, metatarsal length (L), and
toe length (L. Average MRI-derived bone geometries were used from a similar cohort from Ellison et
al.? (see Appendix VIII) and included the lower (r1) and upper (r,) radii of the metatarsal head and the
distance between the lower surface of the metatarsal head and the plantar tendon (g). Calculated
variables include the force due to the toe flexor muscles (P), the angle of plantar tendon action (8),
axial force (F.), shear force (Fsn), midshaft bending moment (M), and dorsal (o4) and plantar (o,)

midshaft stresses. Figure adapted with permission from Ellison et al.®
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The second toe was first considered in isolation to calculate the forces from the plantar
tendons of the toe flexor muscles, flexor digitorum longus and brevis (Figure 6). The joint
moments acting about the toe sum to zero in equilibrium, allowing for the calculation of
both joint contact forces and plantar tendon forces. The second MTP joint moment in the
sagittal plane was calculated from the vertical force under the second toe (F,) and the

length of the second toe (ly):

Fily =P(e+ 1) @

where P is the plantar tendon force acting at a distance of r; + € from the joint center, r; is
the lower radius of the metatarsal head, and ¢ is the distance from the inferior surface of
the metatarsal head to the start of the plantar tendon. The average geometries used for ry

and € are given in Appendix VIII.

ty

F

tz

Figure 6: Free body diagram of the second toe (grey rectangle) showing forces (red) and geometric
parameters (blue) used in the model. The vertical (Fj;) and horizontal (F;) joint reaction forces act at

the MTP joint. Figure adapted with permission from Ellison et al.®
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The joint reaction forces were calculated using the plantar tendon force, assuming static

equilibrium in which the forces sum to zero:
Fj; + Fi; + Psinf =0 3)
Fiy + Fpy, — Pcosf = 0 (€))

where the F;; and Fj are the vertical and horizontal joint reaction forces, respectively, and F:,

and F;, are the vertical and horizontal second toe forces, respectively.

After the calculation of joint reaction forces, the metatarsal can be considered (Figure 7).
Vertical and horizontal forces acting on the second metatarsal were resolved into axial and

shear components relative to the long axis of the bone, yielding:

Fax

Enzsina — Fyycosa — Fj,sina + Fj,cosa (5)
Fgp = Epzcosa + Eyysina — Fjcosa — Fyysina (6)

where F.and Fg, are the axial and shear forces acting on the metatarsal, respectively, and
Fm;and Fn, are the vertical and horizontal forces acting under the second metatarsal,

respectively.

The midshaft bending moment for the second metatarsal was determined from the shear

force and the distance from the center of the metatarsal head to the metatarsal midshaft:

Mpe = (lm R rz) Fsn (7)

where M, is the midshaft bending moment, [, is the length of the metatarsal, and r, is the

upper radius of the metatarsal head.
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mz

Figure 7: Free body diagram of the second metatarsal (grey rectangle) showing forces (red),
geometric parameters (blue), the midshaft bending moment (purple), and dorsal and plantar stresses
(green). The vertical and horizontal metatarsal and joint reaction forces are resolved into an axial
force acting along the long axis of the bone and a shear force acting perpendicular to the long axis.

Figure adapted with permission from Ellison et al.'®

Axial stress (0.x) was calculated from the axial force and the average second metatarsal
bone cross-sectional area (CSA) obtained from a cohort of 20 recreational runners

(Appendix VIII).

= (8)

32



Methods

Bending stress (o»e) was calculated from the midshaft bending moment, the radial distance
from the center of the bone to the surface (r), and the area moment of inertia about the

horizontal axis of the bone cross-section (/).

Mber

)

Ope
IX X

The second metatarsal midshaft stresses at the dorsal (o4) and plantar (o,) surfaces of the
bone were calculated by summing and subtracting the axial and bending stresses,

respectively.
0q = Ogx T Ope (10)

Op = Oax — Ope (11)

2.5 Data Analysis
2.5.1 Overview of Outcome Variables

Peak second metatarsal dorsal and plantar stresses were the primary outcome variables in
Papers | and Il, while the repeatability and reliability of stress estimates within and between
visits were assessed in Paper Ill. Stress-related variables were those involved in the
calculation of bone stress, such as axial force and pitch angle, and were also analyzed in
each article to provide context to the bone stress results. Additional non-stress-related
metrics such as stride characteristics and lower-extremity kinematics and kinetics were
calculated in the articles to further contextualize the bone stress results. Data were
processed in Visual3D (HAS Motion, Kingston, Ontario, Canada) and MATLAB, and statistical
analyses were performed in R (v4.5.1, R Foundation for Statistical Computing, Vienna,

Austria).
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Peak dorsal and plantar stresses were selected as the primary outcome variables because
stress magnitude is a primary determinant of the probability of bone failure, with higher
stress values associated with increased failure probability.'**'% Dorsal and plantar stresses
were expressed in megapascals (MPa) and were multiplied by negative one, so that a positive
value indicated tensile stress and a negative value indicated compressive stress, consistent

with engineering convention.

2.5.2 Running Speed and Load Carriage Analysis (Paper )

Linear mixed-effects models were used to assess the influence of running speed (90% of
preferred, preferred, 110% of preferred) and load carriage (body mass, 110% body mass) on
peak dorsal and plantar stresses, with participant included as a random effect. Two-way
repeated measures ANOVAs were used to assess the significance of fixed effects. In the case
of significant interaction effects, simple effects were evaluated by comparing levels of one
factor within each level of the other. In the absence of significant interaction effects,
comparisons were performed on the main effects average over the other factor. When
significant main effects were found, post hoc comparisons were conducted using estimated

marginal means without adjustment for multiple comparisons.

To quantify between-participant variability in bone stress, coefficients of variation (CV) were
calculated as the standard deviation (SD) divided by the mean for peak dorsal and plantar
stresses. Pearson correlations were conducted to examine associations between peak
dorsal stress and selected loading variables for the baseline condition (preferred speed
without load carriage). The strength of the correlations were interpreted as follows: 0.10-0.39

weak, 0.40-0.69 moderate, 0.70-0.80 strong, and 0.90-1.00 very strong.'%

2.5.3 Pre- and Post-10 km Treadmill Run Analysis (Paper Il)

To compare differences pre- and post-10 km treadmill run, paired t-tests were conducted

when data were normally distributed. Cohen’s d effect sizes were calculated to quantify the
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magnitude of differences. For non-normally distributed variables, paired Wilcoxon signed-
rank tests were used to compare pre- and post-10 km run differences. Wilcoxon effect sizes
(r) assessed the magnitude of effects. Statistical significance was set at o = 0.05 for all tests

unless otherwise noted.

To allow for comparison with previous research on running-induced fatigue, lower-extremity
jointangles and moments were analyzed pre- and post-10 km treadmill run. Joint angles were
defined as the distal segment relative to the proximal segment using an XYZ Cardan
sequence, with neutral joint positions defined in the static standing trials. The first MTP
sagittal plane angle was defined as the planar angle between the vectors defined by the first
metatarsal segment and the hallux segment projected into the sagittal plane with positive
angles indicating MTP dorsiflexion.’” The second MTP sagittal plane angle was the planar
angle between the second metatarsal segment and the second toe segment projected into
the sagittal plane with positive angles indicating dorsiflexion. External joint moments
including ankle plantarflexion and first MTP dorsiflexion moments were calculated using
Newton-Euler inverse dynamics resolved in the coordinate system of the proximal
segment.'® For the first MTP joint moment, reference values were used to estimate foot
segment masses as a proportion of each participant’s body mass.' The first MTP joint
moment was analyzed during only the last 50% of the stance phase since participants were

rearfoot strikers and the center of pressure did not approach the MTP joint until late stance.

2.5.4 Repeatability and Reliability Analysis (Paper Ill)

Intraclass correlation coefficients (ICC) were calculated to assess within-day repeatability
and between-day reliability for peak stresses, stress-related variables, and stride
characteristics. ICCs were calculated using the irr package' in R for a two-way mixed-
effects model with absolute agreement and average measures. ICC values were interpreted

as poor (< 0.5), moderate (0.5 -0.75), good (0.75-0.9), or excellent (> 0.9)."""
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Bone stress for each visit was calculated using the model, with second metatarsal and
second toe segment lengths from the static trial of the given visit used as inputs. To assess
how variability in marker-based segment length estimates influenced dorsal and plantar
stresses, bone stress was also computed using constant bone lengths by applying the first-

visit lengths to both visits.

The change in relative marker positions between days indicates variability in marker
placement between days, which can influence segment length estimates. The relative
distances between the second metatarsal head and base markers and reference markers
(first and fifth metatarsal head and posterior inferior calcaneus markers) were determined by
calculating the 3D vector distances between these markers. Mean and percent differences

of relative marker distances were calculated.

Stride characteristics including ground contact time, stride length, and stride frequency were
calculated to determine the repeatability and reliability of running gait and to understand
how variability in running technique might contribute to the repeatability and reliability of

bone stress estimates.
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3 Results

3.1 Participants and Testing Conditions

All 28 participants completed testing on both days, with a mean (+ SD) of 21 + 26 days (range:
1-139 days) between laboratory visits. Participant characteristics are summarized in Table
1. A small number of trials were excluded from the analysis due to protocol deviations (e.g.,

non-rearfoot strike pattern).

Running speeds were a mean (+ SD) of 3.25 + 0.36 m/s for preferred speed, 2.93 + 0.32 m/s
for the slower speed, and 3.58 + 0.41 m/s for the faster speed. The treadmill running speed

(3.74 £ 0.48 m/s) was faster than preferred speed for all participants.

All participants completed the 10 km treadmill run. The total running time on the treadmill
was a mean (* SD) of 45:16 + 6:02 minutes (range: 35:30 — 63:00 min), with five participants
requesting at least one speed reduction. During the treadmill run, participants’ RPE started
at amean (x SD) of 12.5 £ 1.1 out of 20 on the Borg scale in the first kilometer and increased
t0 16.6 + 1.9 at 10 km which corresponds to a perceived exertion of “very hard”. The transition
time from the treadmill to the overground trials, during which shoes were removed and foot
and ankle markers were reapplied, lasted a mean of 4:55 = 1:11 minutes (range: 3:22 - 8:30

min).

Table 1: Participant information presented as mean + standard deviation with range in

parenthesis for all participants.

Participants (n=28)

Age (years) 29.6 £4.7 (23 -40)
Height (m) 1.73+0.09 (1.54 - 1.90)
Mass (kg) 68.8+9.7(50.0 - 85.8)

Weekly Running Volume (km/week) 48.0+24.9(15-115)

Running Experience (years) 7.8+5.6(2-22)
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3.2 Within-Day Repeatability and Between-Day Reliability of Second

Metatarsal Stress Estimates (Paper lll)

Before considering the results of Papers | and Il, it is important to establish the reliability of
the beam theory model used to estimate bone stress. Since metatarsal stress estimates are
calculated from geometric and experimentally measured kinetic and kinematic inputs, the
reliability of the model depends on the reliability of the model inputs. Quantifying the within-
day repeatability and between-day reliability of bone stress estimates helps to contextualize
whether changes in metatarsal stress observed in Papers | and Il reflect true experimental

effects or variability in the model inputs.

3.2.1 Repeatability and Reliability of Metatarsal Stress Estimates and Related

Variables

Within-day repeatability was excellent for peak second metatarsal dorsal and plantar
stresses (ICC > 0.9) (Table 4). Between-day reliability was also excellent for peak dorsal and

plantar stresses (Table 4).

Within-day repeatability was excellent for peak midshaft bending moment and normalized
peak whole body vertical GRF. Within-day repeatability was good for peak shear force, peak
axial force, peak vertical and horizontal force under the second metatarsal, second
metatarsal pitch angle at the time of peak stress, normalized peak whole body horizontal
GRF, percent of GRF under the second metatarsal at the time of peak stress, and maximum

percent of GRF under the second metatarsal.

Between-day reliability was excellent for all stress-related variables except for second
metatarsal and second toe lengths (calculated form static trial marker positions) which
showed moderate reliability (Table 4). Second metatarsal length was longer by a mean of
1.9% (mean difference = standard error (SE) of the difference: 1.2 £ 1.2 mm) when measured
on the second visit compared to the first visit, while second toe length was longer by a mean
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of 2.6% (mean difference = SE: 1.2 £ 0.9 mm). When the same second metatarsal length was
used for both visits, between-day reliability increased by 6.0% for peak dorsal stress and
7.0% for plantar stress (Table 5). When the same second toe length was used for both visits,
between-day reliability did not change for peak dorsal stress and increased by 0.1% for peak

plantar stress (Table 5).

In addition to stress-related variables, gait characteristics including stride length, stride
frequency, and ground contact time showed excellent between-day reliability and within-day

repeatability.

Table 2: Within- and between-day intraclass correlation coefficients for second metatarsal stress
and key variables involved in the estimation of stress.

Variable Visit11CC Visit2ICC Between-Day ICC
Peak Dorsal Stress (MPa) 0.916 0.930 0.932
Peak Plantar Stress (MPa) 0.919 0.933 0.924
Second Metatarsal Pitch Angle at TPS (°) 0.851 0.933 0.936
Peak vVGRF under Second Metatarsal (N) 0.882 0.890 0.979
Second Metatarsal Length (mm) --- --- 0.656
Second Toe Length (mm) --- --- 0.680

MPa = megapascals. TPS = time of peak stress. vVGRF = vertical ground reaction force. ICC =
intraclass correlation coefficient.
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Table 3: Between-day reliability for second metatarsal dorsal and plantar stresses using fixed-
compared to visit-specific bone lengths. Fixed-length conditions used first-visit second metatarsal

and second toe lengths for both visits.

Variable Between-Day % AICC
ICC

Peak Dorsal Stress, Visit-Specific Lengths (MPa) 0.932 ---

Peak Plantar Stress, Visit-Specific Lengths (MPa) 0.924 ---

Peak Dorsal Stress, Fixed Second Metatarsal Length (MPa) 0.988 6.0
Peak Plantar Stress, Fixed Second Metatarsal Length (MPa)  0.989 71
Peak Dorsal Stress, Fixed Second Toe Length (MPa) 0.932 0.0
Peak Plantar Stress, Fixed Second Toe Length (MPa) 0.925 0.1

MPa = megapascals. ICC = intraclass correlation coefficient. % A = percent difference from visit-
specific lengths.

3.2.2 Between-Day Reliability of Relative Marker Distances

To assess potential sources of variability in second metatarsal and second toe length
measurements, between-day reliability of relative marker distances was examined for the
second toe and second metatarsal head and base markers. When comparing relative marker
distances between days, reliability was moderate to excellent (ICC range: 0.579-0.932). The
second toe marker showed greater reliability than the second metatarsal head or base
markers (Table 6). The mean difference in relative marker positions between days was less

than 2.5 millimeters or 2.1% (Table 6).
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Table 4: Between day differences and reliability of relative 3D vector distances between motion

capture markers. Mean and percent differences were calculated as Visit 2 relative to Visit 1, with

positive differences indicating greater distances for Visit 2.

Mean Difference

Marker Relative To + SE (mm) % Difference ICC
SMH FMH 0.4+0.7 1.0 0.621
VMH 0.6+0.8 0.8 0.698
CAL -0.1£0.7 -0.0 0.932
SMB FMH 1411 2.1 0.579
VMH 1.1+£1.0 1.3 0.734
CAL -1.5+0.9 -1.0 0.868
ST FMH 0.7+0.6 1.7 0.812
VMH 0.9+0.7 0.8 0.862
CAL 2.4+0.4 0.3 0.987

SMH = second metatarsal head. SMB = second metatarsal base. ST = second toe. FMH = first

metatarsal head. VMH = fifth metatarsal head. CAL = posterior inferior calcaneus.

SE = standard error of the difference. |ICC = intraclass correlation coefficient.

3.3 Effects of Running Speed and Load Carriage on Bone Stress (Paper )

3.3.1 Effects of Speed and Load Carriage on Metatarsal Stress

Peak second metatarsal dorsal and plantar stresses increased with both increasing running

speed and added load carriage, with no interaction between these factors (Table 2). Changing

running speed by 10% had a significant effect on both peak dorsal stress (F(2, 157) = 27.35,

p <0.001, n,2=0.26) and peak plantar stress (F(2, 157) = 27.66, p < 0.001, n,2= 0.26). Adding

load carriage of 10% body mass also had a significant effect on both peak dorsal stress (F(1,

157) = 22.56, p <0.001, ny,2=0.13) and peak plantar stress (F(1, 157) = 18.68, p <0.001, ny% =

0.11).
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When averaged across loading conditions, reducing running speed by 10% from preferred to
slower speed decreased peak dorsal stress by 2.10 £ 5.21% (2.54 £ 6.5 MPa, 95% confidence
interval (Cl): [0.76, 4.32], p = 0.030) (Figure 8a) and plantar stress by 2.32 + 5.08% (2.59 +
5.88 MPa, 95% CI: [0.98, 4.19], p = 0.017). When averaged across loading conditions,
increasing running speed by 10% from preferred to faster speed increased peak dorsal stress
by 4.22 +5.70% (5.74 £ 7.73 MPa, 95% CI: [3.61, 7.87], p < 0.001) and peak plantar stress by
4.20+£5.69% (5.17 £ 6.88 MPa, 95% ClI: [3.28, 7.07], p < 0.001).

When averaged across speeds, increasing load from body mass to 110% of body mass
increased peak dorsal stress by 3.13+6.32% (4.37 £ 8.61 MPa, 95% Cl:[2.47,6.28], p <0.001)
(Figure 8b) and peak plantar stress by 2.87 + 6.33% (3.68 + 7.95 MPa, 95% CI: [1.92, 5.44], p
<0.001).

3.3.2 Variability Between Participants in Peak Stress

Between-participant variability in peak dorsal stress, quantified using the coefficient of
variation, was 24.6 £ 0.9% (range: 23.6 — 25.7%) when averaged across the six running
conditions. Between-participant variability for peak plantar stress, quantified using the CV,
was 25.3 £ 0.9% (range: 24.3 — 26.5%) when averaged across the six conditions. Visualizing
peak dorsal stress across running speeds (Figure 9a-b), both non-normalized and normalized
to body mass, demonstrates the between-participant variability in stress magnitudes and

within-participant changes across running speeds.

42



174

(50°0 > d) 109440 1uedlIudIs =, ‘sjeosedefowl =ed |\

«L00°0>  xlL00°0> ceLo €eF9cl €e=xcel se=xgel 0€*8¢Cl €e=0¢l 0€*GCl  ssang.iejueldesad
xl00°0>  xlL00°0> ¢88°0 9€ ¥ 6EL- GEFGEL- 8EF/LVL- CEFLvL- GEFEVL- CEFBEL- ssaligjesioQ xeed
peo peadg peoxpeadg SSEW %Ol psads  ssel\ %Ol psads  ssel\ %Ol paadg (edW) sseis
+ poadg 19MO01S + poadg Joise + poadg  paulsjald
anjend 1amo1S 191584 paiiajeid

'SSal1S 8)Isud] 81edIpul sanjeA ®>_u_._wOQ

pue ssa.1s aAISSaldW0D 81BDIPUI SBNJBA SSB.1S 8AlESaN "S18¥0elq Ul paAeidsip sjeAlslul 82USPIIUOD YlIM UOIIBIASP plepuels = uesw

se peajussald ale eleq ‘suoiipuod ageliled peoj pue paads Suluunl XIS SS0J0E §8Ss8.1S Jejue|d pue |esiop |esielelall puooas yead :G a)qel

synsay



14%

‘unJ wp| 01-a4d 01 8AB18l 180 (9 *(spaads Suiuuni
$S040E PaZEISAR) UOIHPUOD PAPEOIUN 01 dAIIB)3) papeoT (g *(suonipuod Suipeo) ssoioe padelane) paads pailajaid 01 aAlle)a) spaads
1a1se) pue 1amo1S (B "UOIIPUOD 90USI9)8. SU) WIS 9OUSISHIP JUBDLIUSIS B SB1EDIPUI )SLISISE UY "UOIIRIASD plepuels F juasaldal sieq

Joa1e>joelg 'suesw dnoug Juasaidal $810419 X0]q PUE (S]el] Ssoioe pagelane) sueaw uedionied Juasaidal $8]10410 PRI0)0Y "SUOIIPUOD

unJ )jiwpeaJt; up g L-3sod pue -aid (2) pue ‘edelied peoj (q) ‘paads Suiuuni () 10} SS811S 1ESIOP MEad Ul S9OUBIBHIP JUSdIad :8 3indi4

peo peo oN JeyseH pallajeid 19MO|S

, 1g1- 1g61-

$S8J]1S |BSIOQ Ul 8dusIayi( Jusdled
o
$S84]1S |BSIoQ Ul 8ouUsliayiq Jusdled

—
2
©

synsay



Results

3.3.3 Correlations Between Peak Dorsal Stress and Potential Explanatory Variables

Peak dorsal stress was very strongly correlated with peak second metatarsal vertical force
when running at preferred speed without load carriage, (r(26) = 0.91, paq; < 0.001, 95% CI:
[0.80, 0.96] (Figure 10a)). Peak dorsal stress and peak horizontal second metatarsal force
were moderately correlated, (r(26) = 0.64, paqj < 0.001, 95% CI: [0.35, 0.82]). The correlation
between peak dorsal stress and vertical force under the second toe was weak, (r(26) = 0.36,
Pagi = 0.058, 95% CI: [-0.01, 0.65]), and the correlation between peak dorsal stress and
horizontal force under the second toe was also weak, (r(26) = 0.37, pag; = 0.058, 95% CI: [-
2.6x10%, 0.65]). Peak vertical whole-body ground reaction force was moderately correlated
with peak dorsal stress when running at the preferred speed without load carriage, (r(26) =
0.66, pag < 0.001, 95% CI: [0.38, 0.83] (Figure 10b)). Running speed was moderately
correlated with peak dorsal stress, (r(26) = 0.46, paqj=0.018,95% CI:[0.11, 0.71] (Figure 10c)),
while body mass was also moderately correlated with peak dorsal stress, (r(26) = 0.48, padj =

0.015, 95% CI: [0.14, 0.73] (Figure 10d)).
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Results

3.4 Effect of a 10 km Treadmill Run on Second Metatarsal Stress (Paper Il)

3.4.1 Effect of a 10 km Run on Metatarsal Stress

No significant difference was observed in second metatarsal peak dorsal stress post-
compared to pre-10 km treadmill run (t(27) =1.88, p =0.071, d = 0.05) (Table 3). Peak plantar
stress also did not change significantly post- compared to pre- treadmill run (t(27) = 0.84, p

=0.409, d = 0.02) (Table 3).

Peak bending stress, midshaft bending moment, and shear force were unchanged post-
compared to pre-treadmill run (Table 3), while peak axial stress and force decreased by 9%
(stress: 0.60 = 0.81 MPa; force: 22.8 = 30.4 N) (t(27) = 3.96, p < 0.001, d = 0.33). Second
metatarsal pitch angle at the time of peak stress decreased by a mean of 0.8 = 2.0° post-
compared to pre-10 km run (t(27) = 2.12, p = 0.043, d = 0.21) (Table 3), indicating a less
inclined metatarsal post-run. Peak vertical and horizontal force under the second metatarsal

were unchanged post- compared to pre-run (Table 3).

Peak MTP vertical joint reaction force (JRF) decreased by 21% (23.2 + 30.3 N) (t(27) = 4.06, p
< 0.001, d = 0.51), while peak MTP horizontal JRF decreased by 13% (13.0 £ 22.4 N) (t(27) =
3.07, p=0.005, d =0.33). Peak vertical force under the second toe decreased by 15% (5.07 +
7.91 N) (z = 3.03, p = 0.002, r = 0.57), while peak horizontal force under the second toe
decreased by 26% (2.62 = 3.45 N) (z = 3.53, p < 0.001, r = 0.67). Peak plantar tendon force
decreased by 14% (17.0 = 27.3 N) (t=3.31, p=0.003, d =0.37).
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Table 6: Peak second metatarsal stresses, forces, and pitch angle presented as mean * standard
deviation. Effect sizes are Cohen’s d unless indicated. Negative stress values indicate compressive

stress.

Variable Pre-Run Post-Run P value Effect Size
Peak Dorsal Stress (MPa) -144 = 37 -142 + 35 0.071 0.05
Peak Plantar Stress (MPa) 131+ 34 130 =33 0.409 0.02
Axial Stress (MPa) 6.8+2.0 6.2+1.7 <0.001* 0.33
Bending Stress (MPa) 138+35 136+ 34 0.168 0.04
Peak Shear Force (N) 266 +54 264 +50 0.192 0.05
Peak Axial Force (N) 256+ 74 233+63 <0.001* 0.33
Second Metatarsal Pitch Angle (°)t 29.5+3.7 28.8+3.7 0.043* 0.21
Peak Second Metatarsal vGRF (N) 279 + 56 276 +53 0.114 0.05
Peak Second Metatarsal hGRF (N) 51.4+15.4 53.1%+15.2 0.196 -0.11
Peak MTP Vertical JRF (N) 11150 8840 <0.001* 0.51
Peak MTP Horizontal JRF (N) 103+44 90+ 35 0.005* 0.33
Peak Second Toe VGRF (N) 34.8+14.7 29.7+115 0.002** 0.57°
Peak Second Toe hGRF (N) 10.2+5.4 7.6+x4.4 <0.001*® 0.67°
Plantar Tendon Force (N) 124 £ 51 107 £42 0.003* 0.37

MPa = megapascals. N = newtons. v = vertical. h = horizontal. GRF = ground reaction force. JRF =

joint reaction force.

* = significant difference post- compared to pre-10 km run (p < 0.05). T = at the time of peak stress.
a =non-parametric Wilcoxon sign-rank test performed; b = non-parametric Wilcoxon effect size.
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3.4.2 Effects of a 10 km Run on Lower-Extremity Kinematics and Kinetics

Peak ankle plantarflexion moment decreased by a mean of 6% (-11.7 £ 16.9 Nm) post-
compared to pre-10 km treadmill run (t(27) = -3.68, p = 0.001, d = -0.25) (Figure 11a). Peak
second MTP dorsiflexion moment decreased by 14% (-0.24 = 0.35 Nm) post- compared to
pre-10 km run (t(27) = 3.52, p = 0.002, d = 0.38) (Figure 11b). Peak first MTP dorsiflexion angle
increased by a mean of 3.3 + 4.9° post- compared to pre-10 km run (t(27) = -3.62, p = 0.001,
d =-0.56) (Figure 11c).

There was no change in peak rearfoot eversion angle, peak knee abduction angle, peak hip
adduction angle, peak knee internal rotation angle, sagittal plane angle between the foot and
ground at initial contact, peak second MTP dorsiflexion angle, or peak first MTP dorsiflexion

moment post- compared to pre- 10 km treadmill run.
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Discussion

4 Discussion

4.1 Overall Findings

The overall findings from this thesis indicate that in vivo second metatarsal bone stress
during running is influenced by relatively small changes in external loading conditions
including running speed and load carriage, while remaining stable when external loading
remained unchanged. This is further supported by the very strong correlation between
vertical GRF under the second metatarsal and second metatarsal bone stress, indicating that
localized external forces may be closely related to internal loading in the second metatarsal.
This close association may also indicate an overreliance of the model on vertical force, which
may be accentuated by the use of average bone geometries. Additionally, the beam theory
model assumes that forces are applied to the bone at single points and does not consider
more complex patterns of loading distribution. The model also does not consider the effects

of bone deformation or the surrounding soft tissues on bone stress.

Running speed and load carriage independently increased peak dorsal and plantar stresses,
as indicated by the lack of an interaction effect between these factors. This suggests that gait
speed and load contribute additively to metatarsal stress, with each factor independently
influencing external loading. A demanding 10 km run did not alter peak dorsal and plantar
stresses, likely due to a lack of change in the vertical force under the second metatarsal.
Participants, however, did show some localized foot and ankle kinematic and kinetic
alterations post-treadmill run, indicating that the 10 km run did elicit gait changes. Taken
together, the lack of change in bone stress could be explained by protocol limitations which

may have allowed for partial recovery of mechanics following the treadmill run.

The excellent within-day repeatability and between-day reliability of second metatarsal
stress estimates support that the observed changes in stress likely reflect true effects rather

than measurement variability. Participants ran in a highly consistent manner within and
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between days, which is also reflected in the excellent repeatability and reliability of the
model inputs. Bone stress was reliable despite small changes in marker positioning between
days. In addition, an acclimation effect to study procedures was observed with a slight

increase in repeatability during the second laboratory visit.

4.2 Repeatability and Reliability of Second Metatarsal Bone Stress

Estimates (Paper lll)

4.2.1 Reliability of Second Metatarsal Stress Estimates

Bone stress estimates demonstrated excellent between-day reliability despite only
moderate between-day reliability of second metatarsal and second toe lengths. A previous
sensitivity analysis demonstrated that the model is sensitive to larger changes (10%) in
metatarsal length,”® suggesting that the between-day differences observed in bone lengths
were too small (~2% or less) to meaningfully influence bone stress reliability. The relatively
small between-day differences in bone lengths were likely due to consistent marker
placement by the same researcher, as marker placement reliability has been shown to vary
between researchers.'? Overall, these findings suggest that stress estimates are robust to
typical between-day variability in estimated bone lengths from marker-based
measurements. However, this apparent robustness may also reflect limited sensitivity of the
model to small changes in input variables, potentially limiting the model’s ability to detect

subtle differences in loading between conditions.

While bone stress estimates demonstrated excellent between-day reliability, using the same
bone segment lengths for both visits further improved the reliability of bone stress. Using the
same second metatarsal length for both visits modestly improved between-day reliability for
peak dorsal and plantar stresses (6 — 7%), while using the same second toe length for both
visits had minimal to no effect on bone stress reliability. When first-visit metatarsal and toe

lengths were applied to the second visit, dorsal and plantar stresses were slightly reduced
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compared to using visit-specific lengths, indicating that small differences in estimated bone
lengths can systematically influence stress estimates. Future research comparing bone
stress estimates between days should consider using fixed bone lengths to minimize the

influence of between-day variability in marker placement and further improve reliability.

Since second metatarsal length was calculated from marker positions, between-day
differences in marker positioning will influence the reliability of bone stress. The reliability of
between-day relative marker distances was moderate to excellent. Despite the relative
consistency in marker positions between days, even small (less than ~2%) differences in
relative marker positions between visits influenced the reliability of peak stress by
introducing variation in estimated bone lengths. These findings indicate that while the
variation in segment lengths was not large enough to meaningfully reduce bone stress

reliability, stress estimates were sensitive to variations in marker placement between days.

4.2.2 Reliability of Kinematic, Kinetic, and Stride Variables

Variables related to stress and gait which also demonstrated excellent within-day
repeatability and between-day reliability included second metatarsal pitch angle at the time
of peak stress, peak vertical GRF under the second metatarsal, and stride characteristics
(stride length, stride frequency, and ground contact time), with stride frequency showing
good repeatability on the first visit. These findings indicate that participants ran in a highly
consistent manner across trials and between days. This suggests that the high consistency
of metatarsal kinematics, metatarsal loading, and stride characteristics likely contributed to

the excellent reliability of bone stress estimates within and between days.

The reliability or repeatability of model-derived estimates of bone stress during gait has not
previously been reported. The excellent between-day reliability and within-day repeatability
of second metatarsal stress estimates is consistent with previous studies which
demonstrated good to excellent reliability of kinematics, kinetics, and GRFs during walking
and running.'®11%11% The excellent reliability of bone stress estimates likely reflects the
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model’s reliance on kinematic and GRF inputs, which have been shown to demonstrate high
within- and between-day reliability. Taken together, these findings support the use of model-
derived bone stress estimates as a reliable outcome measure for investigating bone stress

during gait.

4.3 The Influence of Running Speed and Load Carriage on Second

Metatarsal Stress (Paper|)

4.3.1 Effects of Speed and Load Carriage on Metatarsal Stress

Second metatarsal bone stress was sensitive to relatively small changes in running speed
and load carriage, with a 10% increase in running speed increasing metatarsal stress by ~4%,
a 10% reduction in speed decreasing stress by ~2%, and a 10% increase in carried mass
increasing stress by ~3%. These findings suggest that the second metatarsal is sensitive to
changes in the magnitude of external loading which occur with changes in running speed and
load carriage. While running speed and load carriage each influenced metatarsal loading,
they acted as independent factors, contributing additively to metatarsal stress rather than

interacting to produce greater effects than the sum of their individual contributions.

Greater second metatarsal stress with increasing running speeds is consistent with previous
studies which observed increased plantar pressure under the second metatarsal when
running at faster speeds.’”®’* The increases in estimated stresses are likely driven by
increases in second metatarsal vertical forces, which are a main contributor to peak bone
stress in the model. Similarly, in the tibia, increasing running speed has also been shown to
result in increased peak tibial bending moments, tibial strain, and probability of tibial bone

failure.3®72

Greater second metatarsal stress with load carriage is consistent with previous findings that
peak second metatarsal dorsal strain increased during treadmill walking with a 20 kg
backpack compared to no load.”” The bone stress findings from this thesis are comparable
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to strain findings since stress and strain are proportional below the yield threshold of bone.
That second metatarsal stress increased even with a relatively light load of 10% body mass
is consistent with previous findings in the tibia that load carriage of ~20% body mass
increased tibial bending moments, cumulative impulse, von Mises strain, and probability of

stress fracture.”>"®

The changes observed in bone stress with changes in running speed and load carriage likely
reflect true physiological effects rather than measurement variability, as supported by the
excellent within-day repeatability and between-day reliability of bone stress estimates. The
lack of change in metatarsal stress observed following the 10 km treadmill run (Paper Il) does
not necessarily indicate a lack of model sensitivity, but may instead reflect limitations in the
protocol which could have limited changes in the metatarsal loading environment, as

discussed in Section 4.4.1.

4.3.2 Between-Participant Variability in Peak Second Metatarsal Stress

The between-participant variability observed in peak second metatarsal dorsal stress was
not explained by running speed and body mass (Figure 9). The CV values were smaller than
those calculated from a previous study of second metatarsal stress in 12 rearfoot runners.®
The smaller CV values may be explained by the larger sample size (n = 28) in the present
thesis and the use of generic rather than participant-specific bone geometries, which may
have reduced between-participant variability. The CVs were similar in magnitude to those
from previous studies on peak second metatarsal plantar forces.”®’# Participant-specific
differences in peak bone stress could exceed 100 MPa even when running at similar speeds
under the same load carriage condition, highlighting the importance of considering the

individual when assessing bone stress injury risk.
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4.3.3 Associations Between Potential Explanatory Variables and Peak Second

Metatarsal Stress

Peak dorsal stress was very strongly correlated with peak vertical force under the second
metatarsal, indicating that peak vertical second metatarsal force may be a reasonable
surrogate for peak metatarsal stress. This contrasts with tibial loading studies where ground
reaction forces were poor estimates of tibial internal loading,”" and may indicate differences
between the metatarsal and tibia. This difference may be due to plantar pressure data
allowing for the measurement of localized forces acting directly under the individual
metatarsal, whereas whole-body GRFs used to estimate tibial loading reflect acceleration of

the whole-body center of mass.

Peak whole-body vVGRF was only moderately correlated with metatarsal stress, in agreement
with previous findings in the tibia.”” Whole-body external loads do not fully reflect internal
tissue loads since internal loads result from a combination of internal muscle forces and
external GRFs.®"" Further, increases in internal loading observed with increasing running
speed are likely due to the greater muscular activity required to maintain faster speeds.® This
highlights the importance of considering localized compared to whole-body external loading

when estimating internal metatarsal loads.

Body mass was only moderately correlated with peak dorsal stress and normalizing to body
mass did not explain the between-participant variability (Figure 9b). This suggests that body
mass alone is not a primary determinant of metatarsal stress. These findings, however, may
be influenced by the use of standard bone geometries in the model with the exception of
individualized bone lengths. Using standard bone geometries for participants with different
body masses may under or overestimate the bone’s ability to resist deformation by
misrepresenting the cross-sectional area, moment of inertia, and resistance to bending of
the bone."® This is because individuals with greater body mass tend to possess more robust

bone geometries as an adaptive response to withstand higher loads while maintaining
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comparable stresses.''® Since standard bone geometries were used in the model, the model
does not account for these size-related structural adaptations, potentially obscuring the
relationship between body mass and metatarsal stress. A limitation of this thesis is that bone
geometries were not scaled to each participant, which may have clarified the relationship

between body size and metatarsal stress.

Running speed was also only moderately correlated with peak dorsal stress and while speed
may influence metatarsal stress, it is not a primary determinant of stress on its own. This
suggests that individual responses to changes in running speed may be moderated by other
biomechanical factors that influence how loads are applied in the foot. Although stride
characteristics were highly repeatable and foot strike was controlled, individual differences
in lower-extremity joint kinematics and muscle activity may affect how forces are absorbed
and distributed in the metatarsal. Differences in metatarsal geometry may further influence
how loads are transmitted in the bone. Thus, even similar running speeds may result in

different metatarsal stress magnitudes between individuals.

4.4 The Influence of a 10 km Run on Second Metatarsal Stress (Paper Il)

4.4.1 Effect of a 10 km Run on Metatarsal Stress

Second metatarsal bone stress remained unchanged following the 10 km treadmill run,
despite a reduction in ankle plantarflexion moment and an increase in peak first MTP
dorsiflexion angle. The change in these kinetic and kinematic variables indicates that the 10
km protocol was sufficient to induce localized gait changes. The lack of change in metatarsal
stress is likely explained by the lack of change in peak second metatarsal vertical force,
which was shown to be very strongly correlated with bone stress in Paper |. The absence of
change may also reflect methodological limitations, including differences in footwear,
running speed, and running surface between the 10 km treadmill run and the overground
testing trials. The approximately five minute transition time between the treadmill and

overground running may have also allowed for partial recovery of the effects of the 10 km run.
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Peak second metatarsal stress remained unchanged after the 10 km run because peak
bending stress and peak shear force did not change, despite a reduction in peak axial stress
and force. The magnitude of bending stress is far greater than the magnitude of axial stress
in the second metatarsal (Table 6), so that axial stress has a negligible contribution to dorsal
and plantar stresses. Midshaft bending stress is influenced by internal joint reaction forces,
external forces acting under the metatarsal, and the metatarsal pitch angle. The reductionin
peak second toe forces post-10 km run occurred along with reduced plantartendon and MTP
joint reaction forces. This reduction in distal forces counteracted the concurrent reduction
in pitch angle, resulting in no change in shear force post-10 km run. However, the results
overall suggest a change in the loading environment of the second ray following the 10 km
run. The absence of a corresponding change in metatarsal stress may either be explained by
these counteracting mechanisms or may reflect a lack of sensitivity of the metatarsal model
to detect small changes, such as those which could occur from altered forces acting under

the second toe.

The lack of change in second metatarsal stress following the 10 km treadmill run is contrary
to previous studies which reported increased strain in the second metatarsal and tibia with
exercise-induced fatigue.®®’7:7°# Previous studies also found increased vertical force under
the second metatarsal following a fatiguing run,’'®'?" in contrast to the unchanged second
metatarsal vertical force in this thesis. The contrast in findings may be explained by
methodological differences between the 10 km protocol which was run shod on a treadmill
at a faster speed and the testing trials which were run barefoot overground at participants’
preferred speed. Differences in footwear, running surface, and running speed may have
altered loading patterns, and the post-treadmill transition period may have allowed for partial
recovery from the 10 km run. There is limited evidence that different running surfaces may
affect bone loading, as a small strain gauge study in the tibia showed substantially lower
bone strain during treadmill compared to overground running.'? While it is unclear whether

these findings in the tibia translate to the metatarsal, it is possible that the treadmill elicited
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lower bone loading than overground running. This may have contributed to the unchanged

metatarsal stress in this thesis.

4.4.2 Effects of a 10 km Run on Lower-Extremity Kinematics and Kinetics

The reduction in peak ankle plantarflexion moment after the 10 km run is similar to that
reported by Sanno et al.®® during the last kilometer of the same 10 km treadmill protocol.
Participants’ RPE in the final kilometer of the 10 km run was also comparable to that reported
by Sanno et al.® The plantarflexion moment and RPE findings indicate a similar effect of the
10 km run as in the prior study, despite data being collected overground after the 10 km run
in this thesis compared to continuously during the treadmill run in the previous study. This
suggests that runners had not fully recovered their distal lower-extremity mechanics prior to

the post-10 km trials and that the unchanged metatarsal stress may indicate a true effect.

No differences, however, were found in proximal lower-extremity kinematics in contrast with
Willwacher et al.?” who found reductions in proximal kinematics during the last kilometer of
the same 10 km protocol. The difference in findings might be explained by differences in
running speed during treadmill and overground running in this thesis, which can affect
running kinematics.'® In addition, the approximately five minute transition time between the
treadmill run and overground trials may have allowed for recovery of proximal lower-
extremity kinematics. The reduced plantarflexion moment along with unchanged proximal
kinematics suggest that either kinetic effects may be slower to recover following a
demanding 10 km run or that kinematics are more sensitive to changes in running modalities.
Further research should determine how differences in running conditions including changes
in footwear, speed, and surface influence the recovery of lower-extremity kinetics and

kinematics following prolonged running and how long these changes persist.

Changes in MTP mechanics were also observed following the 10 km treadmill run. The
increase in first MTP dorsiflexion angle indicates potential fatigue of the hallux flexor muscles
which eccentrically control MTP joint dorsiflexion prior to push-off. This increase in the first
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MTP peak dorsiflexion angle in combination with the lack of change in the first MTP peak
dorsiflexion moment suggests reduced MTP joint stiffness following the 10 km treadmill run.
The second MTP joint also showed reduced stiffness through a combination of an unchanged
peak second MTP dorsiflexion angle and a decreased second MTP dorsiflexion moment after
the 10 km run. The reduction in second MTP moment resulted from reduced forces under the
second toe, which is consistent with previous studies which also reported reductions in
forces under the lesser toes after demanding running protocols.''®'2"124 The overall MTP
findings indicate that although the first and second MTP joints showed different responses to
the 10 km run, both exhibited changes consistent with reduced joint stiffness which may be
indicative of muscular fatigue. Despite these changes at the MTP joint, including reduced
forces under the second toe and reduced MTP joint reaction forces, no change was observed
in second metatarsal stress. The lack of change in metatarsal stress may reflect a
compensatory mechanism whereby a concurrent reduction in metatarsal pitch angle
resulted in unchanged shear force and bending stress, or a limited sensitivity of the model to

changes in distal forces.

4.5 Implications of Second Metatarsal Stress for Bone Stress Injury Risk

Peak dorsal stress magnitudes were consistently greater than peak plantar stress
magnitudes across all study conditions, in agreement with previous observations in both
rearfoot and non-rearfoot strike runners.® The implications of these loading patterns for
determining site-specific risk for BSI within the metatarsal remain unclear, as injury risk likely
dependsontheinteraction between loading magnitude and distribution, bone geometry, and
bone strength. Because common locations of BSIs within the metatarsal shaft are not well
documented, further research is needed to determine how regional loading patterns

influence injury susceptibility.

The relationship between metatarsal stress magnitude and injury risk remains unclear. The

Weibull probabilistic fatigue model predicts that the probability of second metatarsal bone
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failure will increase with increasing bone stress.' Thus, increases in bone stress as a result
of increasing running speed or load carriage may increase the risk of second metatarsal BSI.
However, validating models against in vivo estimates remains challenging and prospective
injury data are required to better understand how stress estimates relate to injury risk.
Notably, not all participants demonstrated an increase in peak stress with increasing running
speed or load carriage (Figure 8a-b), suggesting that additional factors such as lower-
extremity joint mechanics and muscle activity may mediate the relationship between speed,

load carriage, and bone stress.

While military recruits often carry loads heavier than 10% body mass, these results suggest
that even relatively modest loads can increase internal bone stress. These findings are
particularly relevant in military contexts as the second metatarsal is one of the most
common sites for bone stress injuries in military populations.”-%#'?® Further research could
provide insight into whether heavier load carriage results in proportional or non-linear
increases in metatarsal bone stress, which would have implications for BSI risk in military

populations.

4.6 Strengths and Limitations

A strength of this thesis was the repeated measures design where participants served as their
own controls, minimizing the effect of between-participant variability. The effect of condition
order was minimized by randomizing the order of the six running conditions on the first visit.
Inclusion criteria were selected to limit the influence of factors such as age and running
volume which have been shown to affect running biomechanics.'?® Additionally, testing was
conducted barefoot to allow for direct placement of markers on the foot, eliminate the

effects of footwear, and enable a mechanistic investigation of metatarsal stress.

The simplicity of the model used to estimate bone stress may have influenced the results by
over- or underestimating metatarsal stress. The model assumes that forces are applied at

single points and does not account for the distribution of load across the metatarsal, which
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may misrepresent the distribution of internal stresses. Bone stress was also estimated at the
mid-shaft of the metatarsal, which is assumed to be the area with the smallest cross-
sectional area and thus highest risk of bone stress injury. It is unknown, however, whether
this is the most common location for metatarsal bone stress injuries in runners. The two-
dimensional beam theory model did not account for second metatarsal eversion angle,
mediolateral forces, or bone torsion as these were assumed to have a negligible effect on
bone stress. In addition, the only participant-specific bone geometries used in the model
were second metatarsal and second toe lengths, with modest errors introduced by

estimating these lengths from the positions of skin-mounted markers.

Alimitation of conducting the testing trials barefoot was that it limits ecological validity since
participants were habitually shod runners. Another limitation was that the pressure plate was
a harder surface than the softer EVA runway which may have caused participants to alter
their gait pattern when landing on the pressure plate. The study cohort of healthy young adult
runners may also limit the generalizability of results to other populations including less

experienced runners, different age groups, and clinical populations.

One of the main limitations of Paper Il was that the 10 km running protocol was performed
shod on a treadmill at a faster speed, while testing was conducted during barefoot
overground running at participants’ preferred speed. Treadmill running may induce lower
bone loading compared to overground running, since limited evidence in the tibia showed
substantially lower bone strain during treadmill compared to overground running.'?
Treadmill running is also associated with differences in stride mechanics compared to
overground running,'” which may influence loading patterns. Testing was conducted
overground to allow for simultaneous collection of pressure and force plate data, enabling
estimation of localized vertical and horizontal forces under the second metatarsal. In
addition, there was a transition time of approximately five minutes from finishing the
treadmill run to starting the post-treadmill overground trials, which may have allowed for

partial recovery of the effects of the 10 km run.
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A limitation of Paper Ill was the potential effect of acclimation to study procedures, where
participants may have been more consistent in their running technigue on the second visit.
Additionally, the testing procedures were not identical on both days, with the preferred speed
condition being one of six conditions performed in a randomized order on the first visit
whereas it was always the first condition on the second visit. The time between testing days
was also not controlled for and may have affected the results due to the large variability in

the time interval between visits.
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5 Conclusion

This thesis contributes to the current understanding of factors affecting internal loading in

the second metatarsal during running and the repeatability and reliability of these internal

loading estimates. The main conclusions are:

Excellent within-day repeatability and between-day reliability of second metatarsal
bone stress estimates support the ability of the model to detect meaningful changes
in loading.

Running speed and load carriage each independently influenced peak second
metatarsal bone stress, with increases in both speed and load carriage increasing
bone stress.

Peak second metatarsal bone stress was sensitive to relatively small changes (10%)
in running speed and load carriage.

Between-participant variability in peak bone stress demonstrates the importance of
considering the individual when assessing metatarsal loading.

Peak second metatarsal vertical force was very strongly correlated with internal
second metatarsal stress, suggesting that second metatarsal vertical force may be a
useful indicator of internal metatarsal loading.

A 10 km treadmill run did not alter peak second metatarsal bone stress during
overground running at preferred speed, although localized kinetic and kinematic

changes were observed in the foot and ankle post-10 km run.

66



6 References

1. Warden SJ, Davis IS, Fredericson M. Management and prevention of bone stress injuries in
long-distance runners. J Orthop Sports Phys Ther. 2014;44(10):749-765.
doi:10.2519/jospt.2014.5334

2. Hoenig T, Ackerman KE, Beck BR, et al. Bone stress injuries. Nat Rev Dis Primer. 2022;8(1).
doi:10.1038/s41572-022-00352-y

3. Hoffman JR, Church DD, Hoffman MW. Overuse Injuries in Military Personnel. In: Gefen A,
Epstein Y, eds. The Mechanobiology and Mechanophysiology of Military-Related Injuries.
Vol 19. Studies in Mechanobiology, Tissue Engineering and Biomaterials. Springer
International Publishing; 2015:141-161. d0i:10.1007/8415_2015_187

4. Francis P, Whatman C, Sheerin K, Hume P, Johnson MI. The Proportion of Lower Limb
Running Injuries by Gender, Anatomical Location and Specific Pathology: A Systematic
Review. J Sports Sci Med. 2019;18(1):21-31.

5. Miller TL, Jamieson M, Everson S, Siegel C. Expected Time to Return to Athletic
Participation After Stress Fracture in Division | Collegiate Athletes. Sports Health
Multidiscip Approach. 2018;10(4):340-344. doi:10.1177/1941738117747868

6. Scott SH, Winter DA. Internal forces of chronic running injury sites. Med Sci Sports Exerc.
1990;22(3):357-369.

7. Wood AM, Hales R, Keenan A, et al. Incidence and Time to Return to Training for Stress
Fractures during Military Basic Training. J Sports Med. 2014;2014:1-5.
doi:10.1155/2014/282980

8. Wolff A, Kurina LM, Sainani KL, Tenforde AS, Nattiv A, Fredericson M. A Descriptive Analysis
of the Seasonal Patterns of Bone Stress Injury Incidence in Division | Collegiate Distance
Runners. Am J Sports Med. 2025;53(3):708-716. d0i:10.1177/03635465241307231

9. Ellison MA, Kenny M, Fulford J, Javadi A, Rice HM. Incorporating subject-specific geometry
to compare metatarsal stress during running with different foot strike patterns. J Biomech.

2020;105:109792. doi:10.1016/j.jbiomech.2020.109792

10. Gross TS, Bunch RP. Amechanical model of metatarsal stress fracture during distance
running. Am J Sports Med. 1989;17(5):669-674. doi:10.1177/036354658901700514

67



11. Ellison MA, Fulford J, Javadi A, Rice HM. Do non-rearfoot runners experience greater
second metatarsal stresses than rearfoot runners? J Biomech. 2021;126:110647.
doi:10.1016/j.jbiomech.2021.110647

12. Firminger CR, Fung A, Loundagin LL, Edwards WB. Effects of footwear and stride
length on metatarsal strains and failure in running. Clin Biomech. 2017;49:8-15.
doi:10.1016/j.clinbiomech.2017.08.006

13. Milgrom C, Finestone A, Sharkey N, et al. Metatarsal strains are sufficient to cause
fatigue fracture during cyclic overloading. Foot Ankle Int. 2002;23(3):230-235.
doi:10.1177/107110070202300307

14. Largey A, Bonnel F, Canovas F, Subsol G, Chemouny S, Banegas F. Three-dimensional
Analysis of the Intrinsic Anatomy of the Metatarsal Bones. J Foot Ankle Surg.
2007;46(6):434-441. doi:10.1053/j.jfas.2007.08.003

15. Carter DR, Caler WE, Spengler DM, Frankel VH. Uniaxial fatigue of human cortical
bone. The influence of tissue physical characteristics. J Biomech. 1981;14(7):461-470.
doi:10.1016/0021-9290(81)90096-8

16. Rubin CT, Lanyon LE. Regulation of bone formation by applied dynamic loads. J Bone
Joint Surg Am. 1984;66(3):397-402.

17. Burr DB, Martin RB, Schaffler MB, Radin EL. Bone remodeling in response to in vivo
fatigue microdamage. J Biomech. 1985;18(3):189-200. doi:10.1016/0021-9290(85)90204-
0

18. Fredericson M, Bergman AG, Hoffman KL, Dillingham MS. Tibial Stress Reaction in
Runners: Correlation of Clinical Symptoms and Scintigraphy with a New Magnetic
Resonance Imaging Grading System. Am J Sports Med. 1995;23(4):472-481.
doi:10.1177/036354659502300418

19. Hulteen RM, Smith JJ, Morgan PJ, et al. Global participation in sport and leisure-time
physical activities: A systematic review and meta-analysis. Prev Med. 2017;95:14-25.
doi:10.1016/j.ypmed.2016.11.027

20. Tenforde AS, Sayres LC, McCurdy ML, Collado H, Sainani KL, Fredericson M. Overuse
Injuries in High School Runners: Lifetime Prevalence and Prevention Strategies. PM&R.

2011;3(2):125-131. doi:10.1016/j.pmrj.2010.09.009

21. Costa MEF, Fonseca JB, Oliveira AISD, Cabral KDDA, Araujo MDGRD, Ferreira APDL.
PREVALENCE AND FACTORS ASSOCIATED WITH INJURIES IN RECREATIONAL RUNNERS:

68



A CROSS-SECTIONAL STUDY. Rev Bras Med Esporte. 2020;26(3):215-219.
doi:10.1590/1517-869220202603190923

22. Roos KG, Marshall SW, Kerr ZY, et al. Epidemiology of Overuse Injuries in Collegiate
and High School Athletics in the United States. Am J Sports Med. 2015;43(7):1790-1797.
doi:10.1177/0363546515580790

23. Gomes Neto M, Fossati Metsavaht L, Luciano Arcanjo F, et al. Epidemiology of Lower-
extremity Musculoskeletal Injuries in Runners: An Overview of Systematic Reviews. Curr
Emerg Hosp Med Rep. 2023;11(2):74-87. d0i:10.1007/s40138-023-00263-6

24. Nigg B, Baltich J, Hoerzer S, Enders H. Running shoes and running injuries:
mythbusting and a proposal for two new paradigms: ‘preferred movement path’ and
‘comfort filter” Br J Sports Med. 2015;49(20):1290-1294. doi:10.1136/bjsports-2015-
095054

25. Yamato TP, Saragiotto BT, HespanholJunior LC, Yeung SS, Lopes AD. Descriptors Used
to Define Running-Related Musculoskeletal Injury: A Systematic Review. J Orthop Sports
Phys Ther. 2015;45(5):366-374. doi:10.2519/jospt.2015.5750

26. Edwards WB. Modeling Overuse Injuries in Sport as a Mechanical Fatigue
Phenomenon. Exerc Sport Sci Rev. 2018;46(4):224-231.
doi:10.1249/JES.0000000000000163

27. Lopes AD, Hespanhol LC, Yeung SS, Costa LOP. What are the Main Running-Related
Musculoskeletal Injuries?: A Systematic Review. Sports Med. 2012;42(10):891-905.
doi:10.1007/BF03262301

28. Moran DS, Israeli E, Evans RK, et al. Prediction model for stress fracture in young
female recruits during basic training. Med Sci Sports Exerc. 2008;40(11 Suppl):S636-644.
do0i:10.1249/MSS.0b013e3181893164

29. Ozcivici E, Luu YK, Adler B, et al. Mechanical signals as anabolic agents in bone. Nat
Rev Rheumatol. 2010;6(1):50-59. doi:10.1038/nrrheum.2009.239

30. Snyder RA, Koester MC, Dunn WR. Epidemiology of Stress Fractures. Clin Sports Med.
2006;25(1):37-52. doi:10.1016/j.csm.2005.08.005

31. Brukner P, Bradshaw C, Khan KM, White S, Crossley K. Stress fractures: a review of 180
cases. ClinJ Sport Med Off ] Can Acad Sport Med. 1996;6(2):85-89.

32. Bennell K, Matheson G, Meeuwisse W, Brukner P. Risk Factors for Stress Fractures:
Sports Med. 1999;28(2):91-122. doi:10.2165/00007256-199928020-00004
69



33. Jordaan G, Schwellnus MP. The incidence of overuse injuries in military recruits during
basic military training. Mil Med. 1994;159(6):421-426.

34. Popovich R. Effect of rest from running on overuse injuries in Army basic training. Am
J Prev Med. 2000;18(1):147-155. doi:10.1016/S0749-3797(99)00167-1

35. Milgrom C, Giladi M, Stein M, et al. Stress fractures in military recruits. A prospective
study showing an unusually high incidence. J Bone Joint Surg Br. 1985;67(5):732-735.
doi:10.1302/0301-620X.67B5.4055871

36. Dobrindt O, Hoffmeyer B, Ruf J, et al. Estimation of return-to-sports-time for athletes
with stress fracture - an approach combining risk level of fracture site with severity based
on imaging. BMC Musculoskelet Disord. 2012;13:139. d0i:10.1186/1471-2474-13-139

37. Miltko A, Milner CE, Powell DW, Paquette MR. The influence of surface and speed on
biomechanical external loads obtained from wearable devices in rearfoot strike runners.
Sports Biomech. 2025;24(3):541-555. doi:10.1080/14763141.2022.2129089

38. Van Waerbeke C, Willy RW, Jacques A, Berton E, Paquette MR, Rao G. Increasing load
carriage and running speed differentially affect the magnitude, variability and coordination
patterns of muscle forces. J Biomech. 2023;159:111794.
doi:10.1016/j.jbiomech.2023.111794

39. Edwards WB, Taylor D, Rudolphi TJ, Gillette JC, Derrick TR. Effects of running speed on
a probabilistic stress fracture model. Clin Biomech. 2010;25(4):372-377.
doi:10.1016/j.clinbiomech.2010.01.001

40. Milner CE, Ferber R, Pollard CD, Hamill J, Davis IS. Biomechanical Factors Associated
with Tibial Stress Fracture in Female Runners. Med Sci Sports Exerc. 2006;38(2):323-328.
do0i:10.1249/01.mss.0000183477.75808.92

41. Loundagin LL, Schmidt TA, Edwards WB. Mechanical Fatigue of Bovine Cortical Bone
Using Ground Reaction Force Waveforms in Running. J Biomech Eng. 2018;140(3):031003.
doi:10.1115/1.4038288

42. Schmida EA, Wille CM, Stiffler-Joachim MR, Kliethermes SA, Heiderscheit BC. Vertical
Loading Rate Is Not Associated with Running Injury, Regardless of Calculation Method.
Med Sci Sports Exerc. 2022;54(8):1382-1388. doi:10.1249/MSS.0000000000002917

43. Martin AD, McCulloch RG. Bone dynamics: stress, strain and fracture. J Sports Sci.

1987;5(2):155-163. doi:10.1080/02640418708729773

70



44, Eriksen EF. Cellular mechanisms of bone remodeling. Rev Endocr Metab Disord.
2010;11(4):219-227. doi:10.1007/s11154-010-9153-1

45. Warden SJ, Edwards WB, Willy RW. Preventing Bone Stress Injuries in Runners with
Optimal Workload. Curr Osteoporos Rep. 2021;19(3):298-307. doi:10.1007/s11914-021-
00666-y

46. Currey JD. Bones: Structure and Mechanics. Princeton University Press; 2002.

47. Nyman JS, Leng H, Neil Dong X, Wang X. Differences in the mechanical behavior of
cortical bone between compression and tension when subjected to progressive loading. J
Mech Behav Biomed Mater. 2009;2(6):613-619. doi:10.1016/j.jmbbm.2008.11.008

48. Hayes WC, Gerhart TN. Biomechanics of bone: applications for assessment of bone
strength. In: Peck WA, ed. Bone and Mineral Research. Vol 3. Elsevier Science Publishers
B.V.; 1985.

49. Banal F, Gandjbakhch F, Foltz V, et al. Sensitivity and Specificity of Ultrasonography in
Early Diagnosis of Metatarsal Bone Stress Fractures: A Pilot Study of 37 Patients. J
Rheumatol. 2009;36(8):1715-1719. doi:10.3899/jrheum.080657

50. Stokes IA, Hutton WC, Stott JR. Forces acting on the metatarsals during normal
walking. JAnat. 1979;129(Pt 3):579-590.

51. Greeves JP, Beck B, Nindl BC, O’Leary TJ. Current risks factors and emerging
biomarkers for bone stress injuries in military personnel. J Sci Med Sport. 2023;26:S14-
S21. doi:10.1016/j.jsams.2023.04.006

52. Barnes A, Wheat J, Milner C. Association between foot type and tibial stress injuries:
a systematic review. BrJ Sports Med. 2008;42(2):93-98. doi:10.1136/bjsm.2007.036533

53. Abbott A, Wang C, Stamm M, Mulcahey MK. Part Il: Risk Factors for Stress Fractures
in Female Military Recruits. Mil Med. 2023;188(1-2):93-99. doi:10.1093/milmed/usac033

54. Cosman F, Ruffing J, Zion M, et al. Determinants of stress fracture risk in United States
Military Academy cadets. Bone. 2013;55(2):359-366. doi:10.1016/j.bone.2013.04.011

55. Beck B, Drysdale L. Risk Factors, Diagnosis and Management of Bone Stress Injuries

in Adolescent Athletes: A Narrative Review. Sports. 2021;9(4):52.
doi:10.3390/sports9040052

71



56. Johnson AS, Brismée JM, Hooper TL, Hintz CN, Hando BR. Incidence and Risk Factors
for Bone Stress Injuries in United States Air Force Special Warfare Trainees. Mil Med.
2024;189(7-8):e1790-e1796. doi:10.1093/milmed/usae017

57. Finestone A, Milgrom C. How Stress Fracture Incidence Was Lowered in the Israeli
Army: A 25-yr Struggle. Med Sci Sports Exerc. 2008;40(11):S623-S629.
doi:10.1249/MSS.0b013e3181892dc2

58. Tenforde AS, Ackerman KE, Bouxsein ML, et al. Factors Associated With High-Risk and
Low-Risk Bone Stress Injury in Female Runners: Implications for Risk Factor Stratification
and Management. Orthop J Sports Med. 2024;12(5):23259671241246227.
doi:10.1177/23259671241246227

59. Hamstra-Wright KL, Huxel Bliven KC, Napier C. Training Load Capacity, Cumulative
Risk, and Bone Stress Injuries: A Narrative Review of a Holistic Approach. Front Sports Act
Living. 2021;3:665683. doi:10.3389/fspor.2021.665683

60. Nattiv A, Kennedy G, Barrack MT, et al. Correlation of MRI Grading of Bone Stress
Injuries With Clinical Risk Factors and Return to Play: A 5-Year Prospective Study in
Collegiate Track and Field Athletes. Am J Sports Med. 2013;41(8):1930-1941.
doi:10.1177/0363546513490645

61. Donahue SW, Sharkey NA, Modanlou KA, Sequeira LN, Martin RB. Bone strain and
microcracks at stress fracture sites in human metatarsals. Bone. 2000;27(6):827-833.
doi:10.1016/s8756-3282(00)00402-6

62. Milgrom C, Agar G, Ekenman |, Safran O, Milgrom Y, Finestone A. The effect of orthotics
on in vivo axial tibial and second metatarsal strains. Footwear Sci. 2011;3(2):91-96.
doi:10.1080/19424280.2011.563430

63. NiuW, WangL, ZhuR, Li B. ATHREE-DIMENSIONAL MORPOLOGICAL MEASUREMENT
AND IN VITRO BIOMECHANICAL STUDY OF METATARSALS. J Mech Med Biol.
2015;15(06):1540047. doi:10.1142/5S0219519415400473

64. Weinfeld SB, Haddad SL, Myerson MS. METATARSAL STRESS FRACTURES. Clin Sports
Med. 1997;16(2):319-338. d0i:10.1016/S0278-5919(05)70025-9

65.  Armagan OE, Shereff MJ. INJURIES TO THE TOES AND METATARSALS. Orthop Clin
North Am. 2001;32(1):1-10. doi:10.1016/S0030-5898(05)70189-9

66. Heaslet MW, Kanda-Mehtani SL. Return-to-Activity Levels in 96 Athletes with Stress
Fractures of the Foot, Ankle, and Leg. /] Am Podiatr Med Assoc. 2007;97(1):81-84.
doi:10.7547/0970081

72



67. HoenigT, Eissele J, Strahl A, et al. Return to sport following low-risk and high-risk bone
stress injuries: a systematic review and meta-analysis. Br J Sports Med. 2023;57(7):427-
432. doi:10.1136/bjsports-2022-106328

68. Arndt A, Ekenman |, Westblad P, Lundberg A. Effects of fatigue and load variation on
metatarsal deformation measured in vivo during barefoot walking. J Biomech.
2002;35(5):621-628. doi:10.1016/s0021-9290(01)00241-x

69. Donahue SW, Sharkey NA. Strains in the metatarsals during the stance phase of gait:
implications for stress fractures. J Bone Joint Surg Am. 1999;81(9):1236-1244.
doi:10.2106/00004623-199909000-00005

70. Ellison M. Beam Theory and Finite Element Approaches to Modelling the Stresses in
the Second Metatarsal during Running. Doctoral Thesis. University of Exeter; 2020.
Accessed April 25, 2025. http://hdl.handle.net/10871/121327

71. Matijevich ES, Branscombe LM, Scott LR, Zelik KE. Ground reaction force metrics are
not strongly correlated with tibial bone load when running across speeds and slopes:
Implications for science, sport and wearable tech. Grabowski A, ed. PLOS ONE.
2019;14(1):e0210000. doi:10.1371/journal.pone.0210000

72. Rice H, Seynnes O, Werkhausen A. Effect of increased running speed and weight
carriage on peak and cumulative tibial loading. Scand J Med Sci Sports. 2023;33(12):2516-
2523. doi:10.1111/sms.14476

73. Cooper DM, Leissring SK, Kernozek TW. Plantar loading and foot-strike pattern
changes with speed during barefoot running in those with a natural rearfoot strike pattern
while shod. The Foot. 2015;25(2):89-96. doi:10.1016/j.foot.2015.02.001

74. Gross TS, Bunch RP. Discrete normal plantar stress variations with running speed. J
Biomech. 1989;22(6-7):699-703. doi:10.1016/0021-9290(89)90020-1

75. Walsh GS, Low DC. Military load carriage effects on the gait of military personnel: A
systematic review. Appl Ergon. 2021;93:103376. doi:10.1016/j.apergo.2021.103376

76. Birrell SA, Hooper RH, Haslam RA. The effect of military load carriage on ground
reaction forces. Gait Posture. 2007;26(4):611-614. doi:10.1016/j.gaitpost.2006.12.008

77. Arndt A, Ekenman |, Westblad P, Lundberg A. Effects of fatigue and load variation on

metatarsal deformation measured in vivo during barefoot walking. J Biomech.
2002;35(5):621-628. doi:10.1016/S0021-9290(01)00241-X

73



78. Bigland-Ritchie B, Woods JJ. Changes in muscle contractile properties and neural
control during human muscular fatigue. Muscle Nerve. 1984;7(9):691-699.
doi:10.1002/mus.880070902

79. Gefen A. Biomechanical analysis of fatigue-related foot injury mechanisms in
athletes and recruits during intensive marching. Med Biol Eng Comput. 2002;40(3):302-
310. doi:10.1007/BF02344212

80. Milgrom C, Radeva-Petrova DR, Finestone A, et al. The effect of muscle fatigue on in
vivo tibial strains. J Biomech. 2007;40(4):845-850. doi:10.1016/j.jbiomech.2006.03.006

81. Yoshikawa T, Mori S, Santiesteban AJ, et al. The effects of muscle fatigue on bone
strain. J Exp Biol. 1994;188:217-233. d0i:10.1242/jeb.188.1.217

82. Rice H, Mai P, Sanno M, Willwacher S. Tibial loading and damage accumulation in
recreational and competitive male runners during a demanding 10 km run. Eur J Sport Sci.
2024;24(1):79-87. doi:10.1002/ejsc.12040

83. Rice H, Starbuck C, Willer J, et al. Does high-intensity running to fatigue influence
lower limb injury risk? J Sci Med Sport. 2025;28(1):33-38.
doi:10.1016/j.jsams.2024.08.205

84. Sharkey NA, Ferris L, Smith TS, Matthews DK. Strain and loading of the second
metatarsal during heel-lift. J Bone Joint Surg Am. 1995;77(7):1050-1057.
doi:10.2106/00004623-199507000-00011

85. Bennell KL, Malcolm SA, Thomas SA, Wark JD, Brukner PD. The Incidence and
Distribution of Stress Fractures in Competitive Track and Field Athletes: A Twelve-Month
Prospective Study. Am J Sports Med. 1996;24(2):211-217.
doi:10.1177/036354659602400217

86. Paavolainen, Nummela, Rusko, Hakkinen. Neuromuscular Characteristics and
Fatigue During 10 km Running. Int J Sports Med. 1999;20(8):516-521. doi:10.1055/s-1999-
8837

87. Willwacher S, Sanno M, Briggemann GP. Fatigue matters: An intense 10 km run alters
frontal and transverse plane joint kinematics in competitive and recreational adult
runners. Gait Posture. 2020;76:277-283. doi:10.1016/j.gaitpost.2019.11.016

88. Sanno M, Willwacher S, Epro G, Briggemann GP. Positive Work Contribution Shifts
from Distal to Proximal Joints during a Prolonged Run. Med Sci Sports Exerc.

2018;50(12):2507-2517. doi:10.1249/MSS.0000000000001707

74



89. Quan W, Ren F, Xu D, Gusztav F, Baker JS, Gu Y. Effects of Fatigue Running on Joint
Mechanics in Female Runners: A Prediction Study Based on a Partial Least Squares
Algorithm. Front Bioeng Biotechnol. 2021;9:746761. doi:10.3389/fbioe.2021.746761

90. Willer J, Allen SJ, Burden RJ, Folland JP. Neuromechanics of Middle-Distance Running
Fatigue: A Key Role of the Plantarflexors? Med Sci Sports Exerc. 2021;53(10):2119-2130.
doi:10.1249/MSS.0000000000002695

91. Melaro JA, Gruber AH, Paquette MR. Joint work is not shifted proximally after a long
run in rearfoot strike runners. J Sports Sci. 2021;39(1):78-83.
doi:10.1080/02640414.2020.1804807

92. Tam N, Coetzee DR, Ahmed S, Lamberts RP, Albertus-Kajee Y, Tucker R. Acute fatigue
negatively affects risk factors for injury in trained but not well-trained habitually shod
runners when running barefoot. Eur J Sport Sci. 2017;17(9):1220-1229.
doi:10.1080/17461391.2017.1358767

93. Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: a flexible statistical power
analysis program for the social, behavioral, and biomedical sciences. Behav Res Methods.
2007;39(2):175-191. doi:10.3758/bf03193146

94. Bonett DG. Sample size requirements for estimating intraclass correlations with
desired precision. Stat Med. 2002;21(9):1331-1335. doi:10.1002/sim.1108

95. Lieberman DE, Venkadesan M, Werbel WA, et al. Foot strike patterns and collision
forces in habitually barefoot versus shod runners. Nature. 2010;463(7280):531-535.
doi:10.1038/nature08723

96. Bovalino SP, Kingsley MIC. Foot Strike Patterns During Overground Distance Running:
A Systematic Review and Meta-Analysis. Sports Med - Open. 2021;7(1):82.
doi:10.1186/s40798-021-00369-9

97. Canadian Society for Exercise Physiology. Physical Activity Readiness Questionnaire
(PAR-Q). Canadian Society for Exercise Physiology; 2002.

98. Yamato TP, Saragiotto BT, Lopes AD. A Consensus Definition of Running-Related Injury
in Recreational Runners: A Modified Delphi Approach. J Orthop Sports Phys Ther.
2015;45(5):375-380. doi:10.2519/jospt.2015.5741

99. Portinaro N, Leardini A, Panou A, Monzani V, Caravaggi P. Modifying the Rizzoli foot
model to improve the diagnosis of pes-planus: application to kinematics of feet in

teenagers. J Foot Ankle Res. 2014;7(1):57. doi:10.1186/s13047-014-0057-2

75



100. Kadaba MP, Ramakrishnan HK, Wootten ME. Measurement of lower extremity
kinematics during level  walking. J  Orthop Res. 1990;8(3):383-392.
doi:10.1002/jor.1100080310

101. Borg G. Perceived exertion as an indicator of somatic stress. J Rehabil Med.
1970;2(2):92-98. doi:10.2340/1650197719702239298

102. Mai P, Willwacher S. Effects of low-pass filter combinations on lower extremity joint
moments in distance running. J Biomech. 2019;95:109311.
doi:10.1016/j.jbiomech.2019.08.005

103. Jacob HAC. Forces acting in the forefoot during normal gait — an estimate. Clin
Biomech. 2001;16(9):783-792. doi:10.1016/S0268-0033(01)00070-5

104. Taylor D, CasolariE, Bignardi C. Predicting stress fractures using a probabilistic model
of damage, repair and adaptation. J Orthop Res. 2004;22(3):487-494.
doi:10.1016/j.orthres.2003.08.022

105. Haider IT, Pohl AJ, Edwards WB. The probability of whole-bone fatigue fracture can be
accurately predicted using specimen-specific finite element analysis incorporating a
stochastic failure model. J Biomech. 2022;143:111273.
doi:10.1016/j.jbiomech.2022.111273

106. Schober P, Boer C, Schwarte LA. Correlation Coefficients: Appropriate Use and
Interpretation. Anesth Analg. 2018;126(5):1763-1768.
doi:10.1213/ANE.0000000000002864

107. Leardini A, Benedetti MG, Berti L, Bettinelli D, Nativo R, Giannini S. Rear-foot, mid-foot
and fore-foot motion during the stance phase of gait. Gait Posture. 2007;25(3):453-462.
doi:10.1016/j.gaitpost.2006.05.017

108. Robertson DGE, ed. Research Methods in Biomechanics. Second edition. Human
Kinetics; 2014. doi:10.5040/9781492595809

109. Matsumoto Y, Ogihara N, Hanawa H, Kokubun T, Kanemura N. Novel Multi-Segment
Foot ModelIncorporating Plantar Aponeurosis for Detailed Kinematic and Kinetic Analyses
of the Foot With Application to Gait Studies. Front Bioeng Biotechnol. 2022;10:894731.
doi:10.3389/fbioe.2022.894731

110. Gamer M, Lemon J, Fellows |, Singh P. Irr: Various Coefficients of Interrater Reliability
and Agreement. 2019. doi:10.32614/CRAN.package.irr

76



111. Koo TK, Li MY. A Guideline of Selecting and Reporting Intraclass Correlation
Coefficients for Reliability Research. J Chiropr Med. 2016;15(2):155-163.
doi:10.1016/j.jcm.2016.02.012

112. Deschamps K, Staes F, Bruyninckx H, et al. Repeatability in the assessment of multi-
segment foot kinematics. Gait Posture. 2012;35(2):255-260.
doi:10.1016/j.gaitpost.2011.09.016

113. Bramah C, Preece SJ, Gill N, Herrington L. The between-day repeatability, standard
error of measurement and minimal detectable change for discrete kinematic parameters
during treadmill running. Gait Posture. 2021,85:211-216.
doi:10.1016/j.gaitpost.2020.12.032

114. Ferber R, McClay Davis |, Williams DS, Laughton C. A comparison of within- and
between-day reliability of discrete 3D lower extremity variables in runners. J Orthop Res.
2002;20(6):1139-1145. doi:10.1016/S0736-0266(02)00077-3

115. Schache AG, Blanch PD, Rath DA, Wrigley TV, Starr R, Bennell KL. Intra-subject
repeatability of the three dimensional angular kinematics within the lumbo—pelvic-hip
complex during running. Gait Posture. 2002;15(2):136-145. doi:10.1016/S0966-
6362(01)00188-6

116. Unnikrishnan G, Xu C, Baggaley M, et al. Effects of body size and load carriage on
lower-extremity biomechanical responses in healthy women. BMC Musculoskelet Disord.
2021;22(1):219. d0i:10.1186/s12891-021-04076-0

117. Kohrt WM, Barry DW, Schwartz RS. Muscle Forces or Gravity: What Predominates
Mechanical Loading on Bone? Med Sci Sports Exerc. 2009;41(11):2050-2055.
doi:10.1249/MSS.0b013e3181a8c717

118. Ruff CB. Body size, body shape, and long bone strength in modern humans. J Hum
Evol. 2000;38(2):269-290. doi:10.1006/jhev.1999.0322

119. Anbarian M, Esmaeili H. Effects of running-induced fatigue on plantar pressure
distribution in novice runners with different foot types. Gait Posture. 2016;48:52-56.
doi:10.1016/j.gaitpost.2016.04.029

120. Weist R, Eils E, Rosenbaum D. The Influence of Muscle Fatigue on Electromyogram

and Plantar Pressure Patterns as an Explanation for the Incidence of Metatarsal Stress
Fractures. Am J Sports Med. 2004;32(8):1893-1898. d0i:10.1177/0363546504265191

77



121. Willems TM, De Ridder R, Roosen P. The effect of a long-distance run on plantar
pressure  distribution  during running. Gait Posture. 2012;35(3):405-409.
doi:10.1016/j.gaitpost.2011.10.362

122. Milgrom C, Finestone A, Segev S, Olin C, Arndt T, Ekenman I. Are overground or
treadmill runners more likely to sustain tibial stress fracture? Br J Sports Med.
2003;37(2):160-163. doi:10.1136/bjsm.37.2.160

123. Fukuchi RK, Fukuchi CA, Duarte M. A public dataset of running biomechanics and the
effects of running speed on lower extremity kinematics and kinetics. PeerJ. 2017;5:€3298.
doi:10.7717/peerj.3298

124. LiuQ, ChenH, ThirupathiA, Yang M, Baker JS, Gu Y. A Pilot Study of Plantar Mechanics
Distributions and Fatigue Profiles after Running on a Treadmill: Using a Support Vector
Machine  Algorithm. Wang XB, ed. J Healthc Eng. 2023;2023:1-10.
doi:10.1155/2023/7461729

125. Ross RA, Allsopp A. Stress fractures in Royal Marines recruits. Mil Med.
2002;167(7):560-565.

126. Paquette MR, Powell DW, DeVita P. Age and training volume influence joint kinetics
during running. Scand J Med Sci Sports. 2021;31(2):380-387. d0i:10.1111/sms.13857

127. Van Hooren B, Fuller JT, Buckley JD, et al. Is Motorized Treadmill Running
Biomechanically Comparable to Overground Running? A Systematic Review and Meta-
Analysis of Cross-Over Studies. Sports Med. 2020;50(4):785-813. d0i:10.1007/s40279-
019-01237-z

78






Paper |






Second metatarsal bone stress during running is independently

influenced by running speed and load carriage

Naomi Frankston', Matthew Ellison?, Jonatan Narvestad Riise', Olivier Seynnes', Dominic

Farris?, Hannah Rice’

'Department of Physical Performance, Norwegian School of Sport Sciences, Oslo,
Norway, 2Department of Public Health and Sports Sciences, University of Exeter, Exeter,

United Kingdom

Corresponding author:

Naomi Frankston

Norwegian School of Sport Sciences
Sognsveien 220

0863 Oslo

Norway

Email: naomief@nih.no

Keywords: bone stress injury, bone loading, foot biomechanics

Acknowledgements: The authors would like to acknowledge the contributions of Lisa
Kristin Dahle, Clement Basso-Bert, and Sandrine Mentgen for their assistance with data
collection and/or processing.

Conflict of Interest Statement: The authors have no conflicts of interest.

Cite as:

Frankston N, Ellison M, Riise JN, Seynnes O, Farris D, & Rice H. Second metatarsal bone
stress during running is independently influenced by running speed and load carriage.
Scandinavian Journal of Medicine & Science in Sports. 2025: e70152.
https://doi.org/10.1111/sms.70152.



mailto:naomief@nih.no
https://doi.org/10.1111/sms.70152

Abstract

Bone stress injuries occur in populations who engage in repetitive loading such as
distance runners and military recruits. The second metatarsal is a common bone stress
injury site. Running speed and load carriage are modifiable factors which may influence
metatarsal loading. The aim of this study was to determine how running at preferred, 90%
of preferred, and 110% of preferred speed with and without a weight vest carrying 10%
body mass influences second metatarsal bone stress. Data were collected from 28
runners (14 female, 14 male) during barefoot running using motion capture cameras, a
pressure plate, and a force plate. Bone stress was calculated at the dorsal and plantar
surfaces of the midshaft of the second metatarsal using a two-dimensional beam theory
model. No interaction effect was found between running speed and load carriage.
Running at 90% of preferred speed decreased peak dorsal and plantar stress by 2.1 and
2.3%, respectively, compared to preferred speed, while running at 110% of preferred
speed increased peak dorsal and plantar stress by 4.2%. Running with 110% of body
mass increased peak dorsal and plantar metatarsal stress by 3.1 and 2.9%, respectively,
compared to running with no additional mass. The mean coefficient of variation across
all conditions was 25%, indicating variation in peak stress between participants. Running
at faster speeds and with additional loads may increase the risk of second metatarsal
bone stress injury. The high variation in peak bone stress between participants

demonstrates the importance of considering the individual when assessing injury risk.



Introduction

Running is a popular form of physical activity but is associated with high rates of
running-related overuse injuries, which have been reported to range from 15% to 85%."
Bone stress injuries are one of the most common running injuries? with stress fractures
being the most severe type.® Bone stress injuries are burdensome and can result in a
time-loss of 4-8 weeks from the causative activity.* Bone stress injuries are caused by
repetitive loading such as occurs in long distance running and military training.® Risk
factors for bone stress injuries are multifactorial and can include factors such as an
individual’s training load, anthropometrics, and gait characteristics.®

The second metatarsal bone in the forefootis one of the most common injury sites
for bone stress injuries in track and field athletes, distance runners, and military
recruits.”® In a population of Royal Marines recruits, 65% of stress fractures reported
were in the metatarsals, of which 27% were in the second metatarsal.® The relatively high
incidence of second metatarsal injuries may be influenced by the bone geometry, since
the second metatarsal is reportedly the longest of the metatarsals on average with the
narrowest diaphyseal width.'® The second metatarsal has been shown to have the highest
vertical plantar force, bending strain, and shear force compared to the other metatarsals
and the tibia."-"*

Running speed and load carriage are two modifiable factors that may affect bone
stress injury risk. Running speed may be related to bone stress injury risk since external
and internal loads increase with increasing running speed.''® Recently, Rice et al.'®
found that increasing running speed by 20% increased peak tibial bending moment and
tibial impulse per kilometer in male distance runners. Similarly, reducing running speed
has been shown to reduce the probability of tibial stress fracture when using a
probabilistic stress fracture modelin male runners."” Since previous research focused on
the tibia, it remains unknown how changing running speed influences bone stress in the
metatarsal.

Load carriage has been shown to alter gait kinematics and kinetics'® and may
therefore also influence second metatarsal loading. Military recruits commonly engage

in load carriage activities,' potentially contributing to the high incidence of second



metatarsal bone stress injuries in military recruits. A study by Arndt et al.?° found that
second metatarsal dorsal strain increased during treadmill walking with a 20 kg backpack
compared to walking with no additional load when using implanted strain staples to
measure in vivo bone strain. However, it is unknown how load carriage influences second
metatarsal bone stress during running. Since both running speed and load carriage have
the potential to increase loading of the second metatarsal, the combined effect of speed
and load carriage may be greater than the sum of the individual factors. The potential
interaction between running speed and load carriage on second metatarsal bone stress
has not been previously investigated.

Plantar loading under the second metatarsal during running is subject to high
between-participant variability, which may be influenced by running style - including foot
strike technique, as well as structural anatomy and tissue geometry. Nunns et al.?!
reported a between-participant coefficient of variation (CV) for peak pressure under the
second metatarsal of 32.3% for example, even when restricting the analysis to those who
ran with a rearfoot strike. However, externally-measured plantar pressures and forces are
not always indicative of internal bone loading.?>* Ellison et al.?? observed that despite
differences in scaled vertical ground reaction forces under the metatarsal heads in two
distinct groups of runners, there were no significant differences in second metatarsal
stress between groups, likely due to the influence of geometry on estimates of stress.
Variables such as peak horizontal and vertical second metatarsal and second toe forces,
peak ground reaction forces, running speed, and body mass may help to explain
between-participant variability in bone stress. Quantifying the between-participant
variability and exploring the factors that explain this variability will aid in the
understanding of the extent to which broad training recommendations can be made for
runners regarding modifiable training factors and risk of bone stress injury.

The aim of this study was to determine how speed and load carriage influence
bone stress in the second metatarsal during running, and to quantify whether these
factors interact. Specifically, this study quantified the influence of running at preferred
speed, 90% of preferred speed (slower), and 110% of preferred speed (faster) with and
without an additional 10% body mass on bone stress in the second metatarsal during

running. Furthermore, the between-participant variability was quantified and
4



associations with potential contributors to metatarsal stress were explored to aid
understanding. It was hypothesized that second metatarsal bone stress would increase
with both increasing running speed and load carriage, and that there would be an
interaction between running speed and load carriage such that the combined influence
of increased running speed and load carriage would increase metatarsal stress to a
greater extent than the sum of the individual factors.

Methods

Participants

Twenty-eight participants were recruited for the current study. An a priori sample
size analysis was conducted using G*Power software?* for a within factors repeated
measures ANOVA with effect size f = 0.25, a = 0.05, and power = 0.80, which yielded a
minimal sample size of 19. Cohen’s f effect size was determined as half the Cohen’s d
reported for dorsal stress by Ellison et al.2?2 Recruitment for the current study was
conducted jointly with another study which required a minimum of 24 participants, so a
conservative sample of 28 participants was recruited for both studies.

Participants were included if they were any gender, aged 18-40 years who had
completed a run of any distance from 5 km to a marathon at a maximal effort in the last
2 years, ran at least 15 km per week and ran at least 3 times per week, had been running
on a regular basis for at least 3 years, ran with a rearfoot strike, were comfortable running
a 10 km on a treadmill, and could run barefoot without pain. Exclusion criteria were any
neurologic, musculoskeletal, or movement disorder, current pregnancy, any lower
extremity injury within the previous 6 months, any previous foot or ankle surgery, any
symptomatic foot pathology, and any illness or injury that prevented running. Exclusion
criteria also included body mass greater than 100 kg since the weight vest carrying
capacity was 10 kg and the weight vest was set to 10% of a participant’s body mass.

Descriptive information including age, sex, height, and body mass were also
obtained for each participant. Running history including weekly running volume, running
frequency, and years of running experience were also obtained. Previous injury was

defined as a previous running-related injury which caused the participant to miss three



or more planned running sessions.? Leg dominance was defined by asking participants
which leg they would use to kick a ball.

Participants were recruited through flyers placed around the local area in Oslo,
posts on social media, and a project page on the Norwegian School of Sports Sciences’
(NIH) website. The study was approved by Sikt — The Norwegian Agency for Shared
Services in Education and Research and the ethics committee at the Norwegian School
of Sport Sciences (Approval number 281 — 150623). All participants provided written
informed consent prior to participation.

Protocol and Equipment

Inclusion in the study was limited to participants with a rearfoot strike as foot
strike type is known to influence running biomechanics.?® Rearfoot striking has been
reported to be the most common foot strike type among distance runners.? Participants
were screened for foot strike type to assess eligibility and this screening also served as a
warm-up and familiarization to the lab for eligible participants. Barefoot running was
chosen to allow for the placement of markers directly on the foot and to eliminate the
influence of footwear on running biomechanics.

To assess foot strike, participants ran first in their own running shoes and then
barefoot at a self-selected comfortable running speed over a pressure plate (HR Mat,
TekScan, Norwood, MA, USA, 0.49 m 0.45 m 0.01 m, with 8,448 sensors, 185 Hz, 3.9
sensors/cm?). The pressure plate was set in a 14.4-m ethylene-vinyl acetate (EVA) runway
(0.02 m thick) with a gap where the pressure plate was located. An EVA runway was used
due to its similarity with a shoe midsole and to encourage runners to retain their natural
foot strike pattern, which may change when running barefoot on a hard surface.? Timing
gates (TCi System, Brower Timing Systems, Draper, UT, USA) were placed 5-m apart
centered around the pressure plate to monitor running speed. No feedback on speed was
given to participants during the screening trials.

At least three shod screening trials were collected in which the participant’s entire
left or right foot landed within the bounds of the pressure plate, the participant did not
obviously target the plate, and the participant was not obviously accelerating or

decelerating. If the foot strike pattern differed between trials, more trials were collected



until a majority pattern could be determined. Participants repeated the screening
process while barefoot until at least three acceptable barefoot trials were collected.

Participants qualified for the study if they ran with a rearfoot strike both with and
without shoes. A rearfoot strike was defined as the center of pressure during the first
frame of stance in the pressure data being located in the rear 1/3 of the foot. The average
running speed during the barefoot screening trials was used to determine the
participant’s preferred running speed. No instruction or feedback was given to
participants about foot strike unless a participant demonstrated a rearfoot strike during
the shod trials but switched foot strike type during the barefoot trials, in which case the
participant was instructed to attempt landing with a rearfoot strike while running
barefoot. The participant was excluded from the study if they reported that landing with a
rearfoot strike did not feel natural while running barefoot.

The three-dimensional position of the second metatarsal was tracked using retro-
reflective spherical markers (6 mm in diameter) attached to the skin of participants’
proximal and distal second metatarsals. The markers were part of a set of seventeen
markers positioned on participants’ right foot and ankle which were required for use in
another study. The foot marker set was modified from the Rizzoli marker set* by adding
markers on the head of the middle phalanx of the second toe and on the base and head
of the third metatarsal, while removing markers on the tibial tuberosity and fibular head.
An additional 20 markers were positioned from the trunk to the right leg, also required for
use in another study. Markers were secured using double sided tape. All marker locations
on each participant were determined by the same researcher (NF) for consistency in
placement. The right leg was selected arbitrarily for all participants.

The experimental protocol required participants to run barefoot overground with
and without a weight vest carrying 10% of body mass at three different running speeds:
preferred speed, 90% of preferred (slower speed), and 110% of preferred (faster speed).
The mass was evenly distributed between the front and back of the vest. The order of the
six conditions were randomized for each participant using an online random sequence
generator. Ten percent of body mass was chosen to investigate if even a relatively small

increase in load would increase metatarsal stress. The relatively low mass was also



chosen to ensure that it was not overly physically demanding for participants who may
not be used to running with added mass to complete all six running conditions.

Twenty-three motion capture cameras (Oqus 500 and 700, Qualisys, Goteborg,
Sweden) collected kinematic data in three-dimensions at 185 Hz while ground reaction
forces were recorded in three-dimensions at 1850 Hz with a floor-embedded force plate
(AMTI, Watertown, MA, USA). The pressure plate was located directly over the floor-
embedded force plate so that both ground reaction forces and plantar pressures were
recorded from the same running step. Due to technical issues with the pressure plate,
data from the first five participants were collected at capture frequencies lower than 185
Hz (range: 92.5-174 Hz).

For each running condition, 5-7 successful trials were collected. A successful trial
was defined as one where the whole foot landed within the bounds of the pressure plate,
the participant did not appear to target the plate, the running speed was within £5% of
the target speed, and the participant landed with a rearfoot strike (the center of pressure
was within the rear 1/3 of the foot in the first frame of stance). If a participant consistently
switched to a non-rearfoot strike type at any point in the study, they were given verbal
instructions to land with a rearfoot strike.

Data Analysis

Stance phase was defined using a force threshold of 5 N for both the pressure
plate and force plate. The threshold was determined to retain as many frames of data
from the pressure plate as possible. Kinematic and ground reaction force data were
filtered with a fourth-order lowpass Butterworth filter with cut-off frequencies of 12 and
50 Hz, respectively. Data during each running stance phase were interpolated to 101
frames. Pressure data from the five participants where the capture frequency was less
than 185 Hz were included in the analysis based on visual comparison of the time-series
for the summed total foot pressure data with the time-series for the vertical force plate
data and the within-participant study design. Regional anatomical masks were
automatically applied to the foot in the pressure plate software to determine the regions
under the second metatarsal and second toe (Strideway 7.80, TekScan, Norwood, MA,
USA). The regional masks were manually adjusted if deemed necessary to define the

desired regions with the least number of adjustments necessary. Second metatarsal and
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second toe forces were calculated by scaling the vertical and horizontal ground reaction
forces obtained from the force plate to the percentage of total foot force under those
areas according to the pressure plate data. Second metatarsal pitch angle was
calculated by taking the inverse sine of the ratio of the vertical distance between the
proximal and distal second metatarsal markers divided by the three-dimensional (3D)
vector distance between the two markers. Second metatarsal and second toe lengths
were defined as the 3D vector distance between markers placed on the proximal and
distal second metatarsal and distal second metatarsal and head of the middle phalanx
of the second toe, respectively.

Dorsal and plantar bone stress were estimated using a two-dimensional beam
theory model of the second metatarsal using participant-specific metatarsal and toe
lengths and with the remaining bone geometries obtained from the mean of a cohort of
20 healthy recreational runners.?> Model assumptions have previously been reported by
Ellison et al.?? Briefly, key model assumptions were that 1) the flexor muscle forces can
be represented by a long and short plantar tendon with an equal distribution of force
between them; 2) the external forces are applied at points under the distal metatarsal
head and second toe; 3) the second toe segment is parallel to the ground during ground
contact; and 4) mediolateral forces and kinematics are negligible.

Model calculations are fully described by Ellison et al.?> The model estimates the
plantar tendon force by calculating the joint moment at the metatarsophalangeal (MTP)
joint using the vertical force acting under the second toe and length of the second toe as
inputs. The angle of plantar tendon action was calculated by subtracting the mean angle
between the short and long plantar tendons (5°) from the second metatarsal pitch
angle.?? Joint reaction forces at the MTP joint were calculated by assuming that the linear
joint forces from the plantar tendons, second toe forces, and joint reaction forces sum to
zero in equilibrium. The axial and shear forces acting at the second metatarsal were then
calculated by summing the axial and shear components of both the joint reaction forces
and forces under the second metatarsal.

The bending moment at the midshaft of the second metatarsal was calculated
from the shear force and the distance from the midpoint of the metatarsal to the center

of the metatarsal head. Axial stress was the axial force divided by the mean bone cross-
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sectional area of 3.77x10° m?obtained from Ellison et al.’s?? dataset (Supplement 1, Table
1). Bending stress was calculated from the bending moment, the mean radial distance of
3.74x102 m from the center of the bone to the surface, and the mean area moment of
inertia about the horizontal axis of the bone cross-section of 2.05x10'° m* (Supplement
1, Table I). 2 The midshaft stresses at the dorsal and plantar bone surfaces of the second
metatarsal were then calculated by summing and subtracting, respectively, the axial and
bending moments. Dorsal and plantar stress were multiplied by negative one so that a
positive value indicated dorsal stress and a negative value indicated compressive stress,
consistent with engineering convention. Peak dorsal and plantar stresses were used for
data analysis. To quantify differences in peak stress between individual participants,
coefficient of variation (CV) was calculated. All calculations were performed using
custom scripts in MATLAB (R2024b, MathWorks, Natick, MA, USA).
Statistics

All statistical analyses were conducted in R (v4.2.2, R Foundation for Statistical
Computing, Vienna, Austria). To assess the influence of running speed (90% of preferred,
preferred, 110% of preferred) and load carriage (body mass, 110% body mass) on peak
dorsal and plantar stress, linear mixed-effects models were run to account for the
random effect of participant and to allow for the inclusion of participants who were
missing data for one or more conditions. The significance of fixed effects were assessed
using ANOVAs. The Shapiro-Wilk test was used to test normality. In the case of significant
interaction effects, simple effects were evaluated by comparing levels of one factor
within each level of the other. If there was no significant interaction effect, comparisons
were performed on the main effects averaged over the other factor. When significant
main effects were found, post hoc pairwise comparisons were conducted using
estimated marginal means without adjustment for multiple comparisons. The results of
the ANOVAs for dorsal and plantar stress and the post hoc pairwise comparisons for
speed and load carriage were not adjusted for multiple comparisons since these were a
priori hypothesis tests. The Benjamini-Hochberg procedure was used to control the false
discovery rate for additional ANOVAs run on secondary variables of interest which
included peak bending moment, peak shear and axial forces, peak vertical and horizontal

ground reaction forces under the second metatarsal, second metatarsal pitch angle at
10



the time of peak stress, and the timing of peak dorsal and plantar stresses (% stance).
Significance was set at a = 0.05 for all tests.

Pearson correlations were conducted between the following variables and the
absolute value of peak dorsal stress to aid understanding of between-participant
differences in peak dorsal stress: peak vertical and horizontal second metatarsal and
second toe forces, peak ground reaction forces, running speed, and body mass. The
correlation analyses were only conducted during running at the preferred speed without
load carriage as this was considered the baseline condition. The Benjamini-Hochberg
procedure was used to control the false discovery rate due to running multiple
correlations and statistical significance was evaluated based on the adjusted p values
(pagj, o = 0.05). The strength of the correlations were interpreted as follows: 0.10-0.39
weak, 0.40-0.69 moderate, 0.70-0.80 strong, and 0.90-1.00 very strong.*°
Results

The faster speed condition for one participant was excluded due to a non-rearfoot
strike pattern. The faster and slower conditions with and without the weight vest were
excluded for another participant due to an error in calculating faster and slower running
speeds.

Participant descriptive information is presented in Table 1. Participants’ preferred
running speed was (mean = standard deviation) 3.25 + 0.36 m/s (range: 2.56 — 4.08 m/s),
slower running speed was 2.93 + 0.32 m/s (range: 2.30 — 3.68 m/s), and faster running
speed was 3.58 + 0.41 m/s (range: 2.80 - 4.48 m/s). The dorsal and plantar aspects of the
metatarsal were under compression and tension respectively during stance phase

(Figure 1, Table 2).
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Table 1

Participant information presented as mean + standard deviation with range in
parenthesis for all participants and by sex.

All Participants Females (n=14) Males (n=14)

(n=28)
Age (years) 29.6x4.7 28.9+4.5(23-38) 30.3+5.1(24-40)
Height (m) 1.73+0.09 1.67+0.06 (1.54-1.75) 1.81+0.06(1.70-1.90)
Mass (kg) 68.8+9.7 62.7+8.8(50.0-85.8) 74.8+6.1(62.2-84.4)
BMI (kg/m?) 22.8+3.3 22.8+4.4(19.2-36.2) 22.9+2.0(19.6-26.0)
Average Weekly Running  48.0 £ 24.9 45.0 £24.6 (25-115) 51.0+£25.7(15-115)
Volume (km/week)
Average Number of Runs 4.6+1.8 4.4+2.1(3-11) 4.7+1.4(3-8)
per Week
Running Experience 7.8+5.6 7.6+4.4(3.5-20) 7.9+6.8(2-22)
(years)
Previous Injury, n (%) 19 (68%) 9 (64%) 10 (71%)
Right Leg Dominant, n 22 (79%) 12 (86%) 10 (71%)

(%)

Peak Dorsal Stress

Peak dorsal stress was normally distributed for all conditions (p > 0.05). There was
no interaction effect between speed and load carriage (Table 2). There was a significant
main effect of running speed on peak dorsal stress (F(2, 157) = 27.35, p < 0.001, ny? =
0.26). When averaged across loading conditions, increasing running speed by 10% from
preferred to faster speed increased peak dorsal stress by 4.22 + 5.70% (5.74 £ 7.73 MPa,
95% confidence interval (Cl): [3.61, 7.87], p <0.001) and reducing running speed by 10%
from preferred to slower speed decreased peak dorsal stress by 2.10 £ 5.21% (2.54 £ 6.5
MPa, 95% ClI: [0.76, 4.32], p = 0.030) (Figure 2a). There was a significant main effect of
load carriage on peak dorsal stress (F(1, 157) = 22.56, p <0.001, ny?2 = 0.13). When

averaged across speeds, increasing load from body mass to 110% of body mass
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increased peak dorsal stress by 3.13 £ 6.32% (4.37 £ 8.61 MPa, 95% Cl: [2.47, 6.28], p <
0.001) (Figure 2b).
Peak Plantar Stress

Peak plantar stress was normally distributed for all conditions (p > 0.05). There
was no interaction effect between speed and load (Table 2). There was a significant main
effect of speed on peak plantar stress (F(2, 157) = 27.66, p < 0.001, n,? = 0.26). When
averaged over loading conditions, increasing speed by 10% from preferred to faster speed
increased peak plantar stress by 4.20 £ 5.69% (5.17 £ 6.88 MPa, 95% confidence interval
(Cl): [3.28, 7.07], p < 0.001) and reducing running speed by 10% from preferred to slower
speed decreased peak plantar stress by 2.32 + 5.08% (2.59 + 5.88 MPa, 95% CI: [0.98,
4.19], p = 0.017). There was a significant main effect of load carriage on peak plantar
stress (F(1, 157) = 18.68, p <0.001, n,2=0.11). When averaged across speeds, increasing
load from body mass to 110% of body mass increased peak plantar stress by 2.87 +
6.33% (3.68 + 7.95 MPa, 95% CI: [1.92, 5.44], p < 0.001).
Variability Between Participants in Peak Stress

For peak dorsal stress, the mean CV between participants across all conditions
was 24.6 = 0.9% (range: 23.6 — 25.7%). For peak plantar stress, the mean CV between
participants across conditions was 25.3 + 0.9% (range: 24.3 - 26.5%). Visualizing peak
dorsal stress for each participant against running speed, both non-normalized (Figure 3a)
and normalized to body mass (Figure 3b) demonstrates the between-participant
variability in both stress magnitudes and the change in stress between running speeds
within-participant.
Correlation between Peak Dorsal Stress and Potential Explanatory Variables

When running at the preferred running speed without load carriage, peak dorsal

stress was very strongly correlated with peak second metatarsal vertical force, (r(26) =
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0.91, paqj < 0.001, 95% CI:[0.80, 0.96] (Figure 4a)). Peak dorsal stress and peak horizontal
second metatarsal force were moderately correlated, (r(26) = 0.64, paqj < 0.001, 95% ClI:
[0.35, 0.82]). The correlation between peak dorsal stress and vertical force under the
second toe was weak, (r(26) = 0.36, paqj = 0.058, 95% CI: [-0.01, 0.65]), and the correlation
between peak dorsal stress and horizontal force under the second toe was also weak,
(r(26) = 0.37, pag = 0.058, 95% ClI: [-2.6x105, 0.65]). Peak vertical ground reaction force
was moderately correlated with peak dorsal stress when running at the preferred speed
without load carriage, (r(26) = 0.66, pag < 0.001, 95% CI: [0.38, 0.83] (Figure 4b)). Running
speed was moderately correlated with peak dorsal stress, (r(26) = 0.46, paqj = 0.018, 95%
Cl: [0.11, 0.71] (Figure 4c)), while body mass was also moderately correlated with peak
dorsal stress, (r(26) = 0.48, pag; = 0.015, 95% CI: [0.14, 0.73] (Figure 4d)).

Discussion

This study examined how running speed and load carriage influence second
metatarsal bone stress during running. The hypotheses that second metatarsal bone
stress would increase with increasing running speed and with load carriage were
confirmed. The hypothesis that there would be an interaction effect between running
speed and load carriage was not supported. The effects of speed and load carriage on
second metatarsal bone stress were therefore independent of each other.

The magnitude of peak dorsal stress was greater than the magnitude of peak
plantar stress across all conditions, which is supported by Ellison et al.?> who found
greater magnitudes of peak dorsal stress compared to plantar stress in both rearfoot and
non-rearfoot strike runners. While peak dorsal compressive stress values were greater
than peak plantar tensile stress values, bone is stronger under compression than
tension.® Itis unknown which aspect of the metatarsal bone most frequently incurs bone
stress injuries. Further research documenting the distribution of bone stress injury sites
within the second metatarsal would help improve the understanding of metatarsal bone
stress injury risk.

The change in metatarsal stress of approximately 2-4% that was observed when
changing running speed by 10% demonstrates that this approach of estimating

metatarsal stress is sensitive to running speed, even when the change in running speed
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is relatively small. It has previously been reported that peak plantar pressure under the
second metatarsal increased with increasing running speed when comparing speeds of
2.8, 3.3, and 3.8 m/s.®2 The current study supports these previous findings since
increased second metatarsal pressure when running at faster speeds was the main
contributor to bone stress in the bone stress model used. Increasing running speed has
also been demonstrated to result in increased peak tibial bending moments '® as well as
peak principal compressive tibial strain and probability of tibial bone failure."”” While
failure probability was not considered in the present study, Taylor et al’s** Weibull
probabilistic model predicts that the probability of second metatarsal bone failure will
increase with increasing bone stress and stressed bone volume. Thus, increases in bone
stress may increase the risk of second metatarsal bone stress injury. Furthermore, the
increased magnitude of metatarsal loading may increase the risk of stress injury due to
the relative importance of the magnitude of loading to risk of failure .3 It is also important
to note that there were individual participants who did not demonstrate an increase in
peak stress with increasing running speed (Figure 2a), suggesting that other factors may
mediate the relationship between speed and bone stress.

In terms of the influence of load carriage, our findings support those of Arndt et
al.?® who found that dorsal second metatarsal strain increased during treadmill walking
with a 20 kg backpack compared to no load. Our findings are comparable to Arndt et al.?°
since strain is proportional to stress while load is below the yield strength of bone. The
finding that peak metatarsal bone stress increased even with a relatively light load of 10%
body mass supports previous findings in the tibia that load carriage (~20% body mass)
increased bending moments and cumulative impulse;'® and von Mises strain and
probability of stress fracture.®® Load carriage may thus increase the risk of lower extremity
bone stress injury by increasing the magnitude of loading. While military recruits often
carry loads heavier than 10% body mass, our results suggest that even relatively modest
loads can increase internal bone stress. These findings are relevant since the second
metatarsal is one of the most common sites for bone stress injuries in military
recruits.®%%® Investigation of the influence of heavier load carriage would provide further

understanding.
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Internal tissue loads should not be conflated with external measures of loading. 2°
Internal bone loads likely result from a combination of muscular forces and the
contribution from the ground reaction forces. Increases in internal loading with
increasing running speed may reflect the greater muscular activity required to maintain
faster speeds.* In the present study, peak dorsal stress was highly correlated with peak
vertical force under the second metatarsal, indicating that peak vertical second
metatarsal force may be a reasonable surrogate for peak metatarsal stress. This finding
contrasts with tibial loading studies where ground reaction forces were poor estimates of
tibial internal loading,?® and may indicate differences between the metatarsal and tibia.
This difference may be due to the metatarsals being closer to the location of external load
application, resulting in less opportunity for attenuation of external forces. Additionally,
plantar pressure data allows for quantification of forces acting directly under individual
metatarsals, whereas using external ground reaction force data as a surrogate for tibial
loading relies on whole-body center of mass acceleration. Due to challenges of
evaluating and validating modelling approaches against in vivo estimates — which in
themselves have limitations — it remains unclear the extent to which quantification of
metatarsal stress can be used to infer understanding about injury risk. Prospective injury
datais required to better understand how estimates of bone stress relate to injury risk.

Body mass was only moderately correlated with peak dorsal stress (Figure 4d),
and normalizing peak stress to body mass did not explain the between-participant
variability (Figure 3b). These findings suggest that body mass alone is not a primary
determinant of metatarsal stress, although these findings may be influenced by the use
of standard bone geometries with the exception of individualized bone lengths in the
model. Risk factors for bone stress injuries are multifactorial and loading history,
changes in training load, nutrition status, sleep, and other factors should be taken into
consideration when assessing injury risk.3®

Large between-participant variation in peak bone stress was observed, even when
accounting for running speed and body mass (Figure 3). Coefficients of variation were on
average 24.5% for peak dorsal stress and 25.3% for peak plantar stress when averaged
across conditions, which are smaller than the corresponding CV values of 43% for peak

dorsal and plantar stress reported by Ellison et al.?2 from 12 rearfoot runners. The lower
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CVs in the present study may be explained by the larger sample size of 28 participants in
the present study and our use of generic rather than participant-specific bone
geometries. The CVs in our study were similar to CVs found for peak external plantar
forces under the second metatarsal of ~21-24%.%2%° Differences in peak bone stress
between individual participants thus exist even when running at similar speeds and
under the same load carriage condition, highlighting the importance of considering the
individual when assessing bone stress injury risk.

The beam theory model is primarily driven by the input parameter of vertical
second metatarsal force, which was demonstrated by the very strong correlation
between peak dorsal stress and second metatarsal vertical force (Figure 4a). The model’s
reliance on vertical metatarsal force may be influenced by the use of mostly standardized
bone geometries. The model thus likely oversimplifies bone stress by overlooking the role
of individual bone morphology.?? When external forces are held constant, longer
metatarsal length and smaller upper metatarsal head radius increase bending moments
and thus bending stress. Additionally, a larger mid-shaft radius and smaller area moment
of inertia also increase bending stress at the bone surface. A sensitivity analysis by
Ellison*® showed that a 10% change in one of these bone geometry variables can alter
peak stress by 1-12%, with cumulative errors potentially having a compounding effect.
The modelis also sensitive to metatarsal pitch angle.*° The pitch angle at the time of peak
stress in the present study increased with faster running speeds, which likely contributed
to increased bending moments and bone stress. Pitch angle, however, was not affected
by load carriage, where changes in bone stress were driven primarily by changes in
vertical second metatarsal force.

The only participant-specific bone geometries used in the current study were
second metatarsal and second toe lengths, with errors potentially introduced by
estimating these lengths from the positions of skin-mounted markers. Since the current
study used a repeated measures experimental design where participants served as their
own controls across the six speed and load carriage conditions, using standardized bone
geometries was not expected to influence the evaluation of the main study aims.
Development of statistical shape models that allow reconstruction of metatarsal cortical

and trabecular geometry from limited individualized imaging data could allow for
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identification of between-participant differences as well as further understanding of
loading patterns along the entirety of the bone through finite element analyses for
example.

A strength of this study was the repeated measures design where participants
served as their own controls. The repeated measures design minimized the effect of
individual participant differences. The effect of condition order was minimized by
randomizing the order of the 6 conditions. Inclusion criteria were intended to minimize
the effect of factors such as age, running volume, and running experience which have
been shown to influence running biomechanics.*"*2 The study was performed barefoot
so that markers could be placed directly on the foot and to eliminate the effects of
footwear. Barefoot running in a controlled laboratory setting, however, limits the
ecological validity of the study since participants were habitually shod runners.

Another limitation of the study was the variability in preferred running speeds
across participants. Running at participants’ relative running speeds allowed for greater
ecological validity but resulted in variability in absolute running speeds. Limiting
preferred running speed in the inclusion criteria would have restricted study recruitment
and limited generalizability. An additional limitation was that participants who switched
to a non-rearfoot foot strike pattern were instructed to land with a rearfoot strike, which
might not be representative of their natural running style. This was the case for 10 of the
participants, eight of whom displayed inconsistent foot strike patterns across the
different speed and load carriage conditions. Another limitation was that the pressure
plate was a hard surface within a soft EVA runway which may have caused participants
to alter their gait pattern when landing on the pressure plate.

The calculation of metatarsal stress in the present study relied on a combination
of generic bone geometries and participant-specific metatarsal and second toe lengths.
It should be noted that the use of skin-mounted markers to estimate second metatarsal
and second toe lengths were likely subject to error which would influence the between-
subject variability values. The simplicity of the model used to estimate bone stress may
have also influenced the results. A simple two-dimensional cantilever model was used
which did notaccount for second metatarsal eversion angle, mediolateral forces, or bone

torsion. A sensitivity analysis of a finite element model for calculating second metatarsal
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bone stress showed that bone stress was not sensitive to second metatarsal eversion
angle.*®* An assumption of the model was that mediolateral forces were negligible. It was
also assumed that any bone torsion would be negligible. Bone stress was only estimated
at the mid-shaft of the metatarsal, which is assumed to be the location of minimal cross-
sectional area and thus the highest bone stress and injury risk. However, it is possible
that bone stress injuries occur at other locations within the metatarsal.

In conclusion, running speed and load carriage each independently influenced
peak bone stress in the second metatarsal. Reducing running speed to 90% of preferred
speed decreased peak dorsal and plantar second metatarsal stress by 2.1 and 2.3%,
respectively, while increasing running speed to 110% of preferred speed increased peak
dorsal and plantar stress by 4.2%. The addition of 10% of body mass during running
increased peak dorsal and plantar second metatarsal stress by 3.1 and 2.9%,
respectively. A coefficient of variation of ~25% demonstrates the between-participant
variability in peak stress values, illustrating the importance of considering individual
differences when evaluating metatarsal bone stress and injury risk.

Perspective

On average, running at faster speeds and with added load carriage increased
second metatarsal bone stress, although this pattern was not observed for every runner.
Our findings show that modifiable factors can therefore contribute to bone stress injury
risk through altered loading magnitude. Our findings may help to explain why military
recruits have a high incidence of metatarsal bone stress injuries, since even relatively
small increases in running speed and load carriage each independently increased
metatarsal bone stress, likely due to increases in vertical force under the metatarsal.
While second metatarsal vertical force was strongly related to peak dorsal stress, vertical
ground reaction force was only moderately related to bone stress, demonstrating the
importance of force application location when determining internal bone stresses.
Prospective research is needed to determine whether higher magnitudes of metatarsal

loading during running are associated with greater occurrence of bone stress injury.
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Supplement 1
Table |

Means and standard deviations (SD) for bone geometry values provided by Ellison et
al.? from magnetic resonance images of 20 healthy runners. Mean values were used in
the bone stress calculations.

Variable Mean SD

€ (mm) 4.07 6.18

r1 (mm) 9.66 1.61

r2 (mm) 7.65 0.93
Cross-Sectional Area (mm?) 3.77x102?  6.00x10®
Ixx (mm?*) 2.05x107 8.29x10®
r (mm) 3.74 0.48

€ = distance between the inferior metatarsal head and the plantar tendon
r1=lower radius of the metatarsal head

r2 = upper radius of the metatarsal head

Ixx = area moment of inertia about the horizontal axis of the bone cross-section
r = radial distance from the center of the bone to the surface
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Abstract

Prolonged running may alter internal loading of the second metatarsal , which could increase
risk of bone stress injury. The purpose of this study was to determine how second metatarsal
bone stress and lower-extremity mechanics change following a demanding 10 km treadmill
run. Participants were 28 healthy, rearfoot strike runners (14 female/14 male) aged 18 - 40
years. Participants ran barefoot overground at their preferred running speed before and after a
shod 10 km treadmill run at 105% of their estimated maximal 10 km race time. Lower-
extremity kinematics and kinetics were recorded during overground running using motion
capture cameras, a pressure plate, and a force plate. A two-dimensional beam theory model of
the second metatarsal was used to calculate bone stress pre- and post-10 km run. Peak dorsal
and plantar second metatarsal bone stress did not change post-10 km run. Peak ankle
plantarflexion moment decreased, while peak first metatarsophalangeal flexion angle
increased post-10 km run. Thus, changes in lower-extremity running mechanics were
observed when running at preferred speed following a demanding 10 km run, while loading

in the second metatarsal was not altered.
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Introduction

Bone stress injuries are a common overuse injury in distance runners. The most severe
type of bone stress injury are stress fractures (Warden et al., 2023), which are one of the ten
most common types of running injuries (Francis et al., 2019). The foot is one of the most
frequent sites of bone stress injury in competitive track and field athletes (Hoenig et al., 2024),
with a particularly high incidence in the metatarsals (Bennell et al., 1996; Brukner et al., 1996;
Hoenig et al., 2024; Nattiv et al., 2013). When compared to the other metatarsals and the tibia,
the second metatarsal in particular has been shown to experience the highest vertical plantar
force, bending strain, shear force (Gross & Bunch, 1989), compression strain (Donahue et al.,
2000; Milgrom et al., 2002, 2011; Niu et al., 2015), and tension strain (Milgrom et al., 2002,
2011) during dynamic loading. Bone stress injuries occur when microdamage accumulates in
the bone, for example from repetitive loading which occurs during running if adequate rest is
not taken to allow for bone to repair. Bone stress injuries have a high burden due to time loss
from the causative activity, typically requiring a reduction in running activity of four to eight
weeks or more to allow sufficient time for the bone to repair (Hatch et al., 2007).

Fatigue during exercise has been described as a physical or cognitive change that limits
perceived and physical function (Enoka & Duchateau, 2016; Phillips, 2024). More specifically,
muscle fatigue can be defined as the reduced ability of muscles to generate force (Bigland-
Ritchie & Woods, 1984), which may influence internal bone loading and thus risk of bone
stress injury. In cadaveric studies, simulated muscle fatigue during walking increased second
metatarsal strain (Donahue & Sharkey, 1999), while simulated muscle contraction reduced
second metatarsal dorsal strain (Sharkey et al., 1995). The findings indicate a direct influence
of muscle forces on bone strain. Muscle fatigue may thus increase the risk of bone stress injury

by altering internal bone loading.



Exercise-induced fatigue has been shown to influence second metatarsal loading, with
stress and strain increasing with walking- and marching-induced fatigue (Arndt et al., 2002;
Gefen, 2002). Additionally, second metatarsal plantar pressure has been shown to increase
following a fatiguing run (Anbarian & Esmaeili, 2016; Weist et al., 2004; Willems et al., 2012).
In the tibia, running fatigue protocols have been shown to increase (Milgrom et al., 2007) or
decrease (Rice et al., 2024, 2025) tibial loading, suggesting an influence of running-induced
fatigue on internal bone loading. Despite a high incidence of second metatarsal bone stress
injuries in runners (Bennell et al., 1996; Brukner et al., 1996), it is unknown how prolonged
running influences internal second metatarsal loading.

A 10 kilometre (km) running time trial has been shown to result in reduced muscle
activity in the gastrocnemius and vastus lateralis muscles of well-trained cross-country runners
(Paavolainen et al., 1999). A more recent study found that a 10 km treadmill run at 105% of
participants’ seasons best 10 km time led to changes in peak hip adduction angle, peak knee
abduction angle, peak ankle eversion angle, and peak knee internal rotation angle (Willwacher
et al., 2020) and a redistribution of positive joint work (Sanno et al., 2018), indicating that
running-induced fatigue can alter lower limb gait mechanics.

Foot and ankle kinematics and kinetics may also change with fatigue. Ankle
dorsiflexion angle at initial contact has been shown to decrease with running-induced fatigue
(Quan et al., 2021; Willer et al., 2021), perhaps as a mechanism to reduce the positive work
requirements at the ankle joint. Ankle plantarflexor moments have also been observed to
decrease following a fatiguing run (Melaro et al., 2021; Sanno et al., 2018; Tam et al., 2017;
Willer et al., 2021), indicating a reduced ability of the plantar flexors to generate force about
the ankle when fatigued. It remains unclear how metatarsophalangeal (MTP) joint kinematics

and kinetics are influenced by a demanding running protocol. A change in MTP joint loading



mechanics may influence stress in the metatarsals which could have implications for bone
stress injury risk.

The purpose of this study was to determine how second metatarsal bone stress and MTP
joint mechanics change following a 10 km treadmill run at 105% of estimated 10 km race time.
We hypothesized that second metatarsal bone stress would increase following a 10 km run. We
did not make a directional hypothesis regarding MTP joint mechanics due to limited previous
literature in this area.

Materials and Methods

Participants

Sample size was determined using an a priori analysis with G*Power software
(Diisseldorf, Germany) for a paired t-test between two dependent means with o = 0.05, power
0f 0.90, and Cohen’s d effect size of 0.62. The effect size was calculated based on differences
in peak tibial mediolateral bending moment pre- vs post- the same 10 km treadmill running
protocol as in the present study (Rice et al., 2024). Based on the sample size estimation, a
minimum of 24 participants were needed to power the study. We recruited a conservative
sample size of 28 participants.

Participants were females and males aged 18-40 years, had completed any distance
from five kilometres to a marathon at a maximal effort in the last two years, ran at least 15 km
per week, ran at least three times per week, had been running on a regular basis for at least
three years, ran with a rearfoot strike, were comfortable running 10 km on a treadmill, and
could run barefoot without pain. Exclusion criteria were any neurological, musculoskeletal, or
movement disorder, current pregnancy, any lower extremity injury within the previous six
months, any previous foot or ankle surgery, any symptomatic foot pathology, and any illness

or injury that precludes running. Exclusion criteria also included body mass greater than 100



kg because study recruitment was conducted jointly with another study with this criterion
(Frankston et al., 2025). Descriptive information and running history for each participant were
obtained through a digital questionnaire.

Study participation was limited to rearfoot strikers due to the influence of foot strike
pattern on running biomechanics (Lieberman et al., 2010). When fatigued, some runners may
switch to a rearfoot strike but is it not typical for runners to switch to a non-rearfoot strike when
fatigued (Bovalino & Kingsley, 2021).

Participants were recruited through flyers placed around the local area in Oslo, posts on
social media, and a project page on the school website. The study was approved by the local
ethics committee at the Norwegian School of Sport Sciences (approval number 281 — 150623)
and Sikt — The Norwegian Agency for Shared Services in Education and Research. All
participants provided written informed consent prior to participation.

Participant Screening

Screening trials to determine foot strike type were conducted during a separate initial
laboratory visit as described previously (Frankston et al., 2025). Briefly, during the screening
visit participants ran over a pressure plate (HR Mat, TekScan, Norwood, MA, USA, 0.49 m
0.45 m 0.01 m, with 8,448 sensors, 185 Hertz (Hz), 3.9 sensors/cm?) set in a 14.4-m ethylene-
vinyl acetate (EVA) runway (0.02 m thick) with a gap where the pressure plate was located.
The EVA running surface was used due to its similarity to a running shoe midsole. To monitor
running speed, timing gates (TCi System, Brower Timing Systems, Draper, UT, USA) were
placed 5-m apart and centred around the pressure plate. Participants did not receive feedback
on running speed during the screening procedure.

Three acceptable screening trials were performed in participant’s own running shoes
and an additional three trials were run barefoot to determine foot strike type. Participants

qualified for the study if they ran with a rearfoot strike while both shod and barefoot. A rearfoot
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strike was defined as a foot-ground contact where the centre of pressure in the first frame of
stance was located under the rear third of the foot. The average running speed during the
barefoot screening trials was used to determine the participant’s preferred running speed.
Marker Placement

Seventeen markers were placed on participants’ right foot and ankle in a modification
of the Rizzoli marker set (Portinaro et al., 2014). The marker set was modified by adding
markers on the head of the middle phalanx of the second toe and on the base and head of the
third metatarsal, while removing markers on the tibial tuberosity and fibular head. Additional
markers were positioned on the right knee medial and lateral joint lines (medial and lateral to
the estimated average axis of rotation of the knee joint (Kadaba et al., 1990)), bilateral anterior
superior iliac spines, iliac crests, posterior superior iliac spines, suprasternal notch, C7, and
bilateral acromioclavicular joints. Rigid cluster shells with four noncolinear markers were
placed on the right thigh and shank segments and wrapped with elastic bandages to minimize
movement relative to the segment.

All markers were adhered directly to skin and not to clothing. Markers placed on the
foot were six millimetres in diameter which allowed for close placement of markers, while
markers at other locations were eight to ten millimetres in diameter. Marker locations were
marked on the skin with surgical pen to assist with marker replacement following the 10 km
run. The markers were secured using double sided tape. Marker locations were all determined
by the same researcher (NF) for consistency in marker placement. The right leg was arbitrarily
selected for all participants. A static standing trial was taken before the start of the overground
running trials.

Overground Running
All data were collected during barefoot running which eliminated the influence of

footwear on running biomechanics (Lieberman et al., 2010) and allowed for placement of
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markers directly on the foot for accurate measurement of foot kinematics. Participants ran
barefoot overground at their preferred running speed while kinematic data were collected in
three-dimensions at 185 Hz using 23 motion capture cameras (Oqus 500 and 700, Qualisys,
Goteborg, Sweden) and ground reaction forces were recorded in three-dimensions at 1850 Hz
with a floor-embedded force plate (AMTI, Watertown, MA, USA). The pressure plate was
located directly over the floor-embedded force plate so that ground reaction forces and plantar
pressures could be recorded from the same running step. For the first five participants, the
pressure plate recorded at less than 185 Hz (170 or 174 Hz) due to technical issues. For all
trials, the sampling rate of the motion capture cameras was the same as the pressure plate, with
the force plate capturing at 10 times that frequency.

A successful trial was defined as a trial in which the whole foot landed within the
confines of the pressure plate, the participant did not appear to target the plate, the running
speed was within + 5% of the preferred speed, and the participant landed with a rearfoot strike.
Five to eight successful overground running trials were collected pre-treadmill run for each
participant. Up to eight trials were collected to ensure a minimum of five usable trials.

10 km Treadmill Run

Following the initial overground trials, participants were asked to run 10 km on a
treadmill in their own running shoes. The treadmill run was performed shod to minimize the
risk of discomfort due to prolonged running in an unfamiliar barefoot condition in a cohort of
habitually shod runners. Since the study protocol was designed to mechanistically assess
changes to the metatarsal loading environment, its ecological validity is limited.

Participants ran on the treadmill at 105% of their self-reported estimated maximal-effort
10 km time (Willwacher et al., 2020). The treadmill was set to each participant’s pre-
determined speed for the duration of the 10 km, unless participants requested a reduction in

speed if they felt that they could not complete the 10 km at the given speed. Participants could
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request a reduction in speed as many times as they felt necessary. For each request, the speed
was reduced by a set amount of 0.05 m/s. Participants were asked to rate their perceived
exertion (RPE) on the Borg scale (Borg, 1970) every kilometre during the treadmill run.

Following the treadmill run, shoes were removed, paper towels were used to remove
sweat from the foot, and foot and ankle markers were reattached while the participant was
seated. The transition time from the treadmill to the overground trials was recorded. A new
static standing trial was taken and the overground running protocol was repeated for five to
eight successful trials post-treadmill run at the same running speed (+5%) as each participant’s
pre-10 km running speed.
Data Analysis

For metatarsal stress-related variables, a vertical force threshold of 5 Newtons (N) was
used to define stance phase for both the pressure and force data in order to retain as many
frames of pressure data as possible. For lower extremity kinematics and kinetics, a vertical
force threshold of 20 N was used to define stance phase and ground contact time. Kinematic
and force plate data were filtered with a fourth-order lowpass Butterworth filter with a cut-off
frequency of 20 Hz in Visual3D (HAS Motion, Kingston, Ontario, Canada). Data from each
stance phase were interpolated to 101 frames. Pressure data from five participants where the
capture frequency was less than 185 Hz (either 170 or 174 Hz) were included in the analysis
after visual comparison of the time-series for the summed total foot pressure data with the time-
series for the vertical force plate data and due to the within-participant study design.

Strideway software (Strideway 7.80, TekScan, Norwood, MA, USA) was used to
automatically apply regional anatomical masks to the pressure data to determine the second
metatarsal and second toe regions. The regional masks were manually adjusted when necessary
to define the desired regions with the minimum number of adjustments. External forces under

the second metatarsal and second toe were required to compute second metatarsal stress and
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were calculated by scaling the vertical and horizontal whole body ground reaction forces based
on the percentage of force underneath those regions in the pressure data. The pitch angle of the
second metatarsal was calculated by taking the inverse sine of the ratio of the vertical distance
between the second metatarsal head and base markers divided by the three-dimensional (3D)
vector distance between the two markers. The length of the second metatarsal was defined as
the 3D vector distance between the markers placed on the second metatarsal head and base,
while the length of the second toe was defined as the 3D vector distance between the marker
on the second metatarsal head and the head of the middle phalanx of the second toe.
Kinematic and Kinetic Analysis

Custom scripts in Visual3D were used to compute joint angles and moments. Joint
angles were defined in three dimensions as the distal segment relative to the proximal segment
using an XYZ Cardan sequence. The coordinate system was defined as +X medial, +Y
posterior, and +Z superior, with rotations following the right-hand convention. Static standing
trials were used to define neutral joint positions. The first MTP sagittal plane angle was defined
as the planar angle between the vectors defined by the first metatarsal segment and the hallux
segment projected into the sagittal plane with positive angles indicating MTP dorsiflexion
(Leardini et al., 2007). The second MTP sagittal plane angle was the planar angle between the
second metatarsal segment and the second toe segment projected into the sagittal plane with
positive angles indicating dorsiflexion.

External joint moments including the ankle plantarflexion and first MTP dorsiflexion
moments were calculated using Newton-Euler inverse dynamics resolved in the coordinate
system of the proximal segment (Robertson, 2014). For the first MTP joint moment, reference
values were used to estimate foot segment masses as a proportion of each participant’s body
mass (Matsumoto et al., 2022). The first MTP joint moment was analysed during only the last

50% of the stance phase.
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Gait Characteristics

To determine stride length and frequency, foot strikes were detected by determining
when the vertical velocity of the inferior posterior calcaneus marker crossed zero from negative
to positive. To avoid false foot strike detections during swing phase, an anteroposterior heel
marker velocity threshold of near zero (6.5 x 10”%) was set for event detection. One stride per
trial was included in the analysis with a minimum of five strides required per participant for
inclusion in the analysis.

Beam Theory Model

A previously published two-dimensional beam theory model of the second metatarsal
(M. A. Ellison et al., 2020) was used to estimate dorsal and plantar stress at the bone midshaft
using average bone geometries obtained from a cohort of 20 healthy recreational runners (M.
A. Ellison et al., 2020) as previously described (Frankston et al., 2025). Participant-specific
metatarsal and toe lengths were used in the present study, obtained from marker data during
standing trials. Key model assumptions were that 1) the flexor muscle forces can be represented
by a long and short plantar tendon with an equal distribution of force between them, 2) the
external forces are applied at points under the distal metatarsal head and second toe, 3) the
second toe segment is parallel to the ground during ground contact, and 4) mediolateral forces
and kinematics are negligible.

To calculate second metatarsal dorsal and plantar stresses, axial and bending stresses
were first calculated from the midshaft bending moment and the axial and shear forces acting
on the second metatarsal. To determine the forces acting on the second metatarsal, the second
toe forces were first resolved to obtain the MTP joint reaction forces. At the second toe, the
MTP sagittal plane joint moment counteracts the moment generated by the plantar tendon force.
The second MTP sagittal plane joint moment was the product of the vertical force under the

second toe and the length of the second toe (M. A. Ellison et al., 2020). Plantar tendon force
11



was calculated by dividing the second MTP joint moment by previously reported perpendicular
distances between the centre of the metatarsal head and the plantar tendon (M. A. Ellison et al.,
2020; Frankston et al., 2025). Vertical and horizontal MTP joint reaction forces (JRF) were
calculated from the vertical and horizontal forces under the second toe and the components of
the plantar tendon force. The metatarsal axial and shear forces were calculated by summing the
axial and shear components of both the joint reaction forces and forces under the second
metatarsal. Axial stress was the ratio of the axial force to the bone cross sectional area. The
midshaft bending moment was the product of the shear force and the distance from the midpoint
of the metatarsal to the centre of the metatarsal head. Bending stress was the product of the
midshaft bending moment and the distance from the bone centre to the surface, divided by the
area moment of inertia.

The main outcome variables were the metatarsal midshaft stresses at the dorsal and
plantar bone surfaces and were calculated by summing and subtracting, respectively, the axial
and bending stresses. Peak dorsal and plantar stresses were analysed. To better understand
factors contributing to bone stress, we also analysed variables involved in the calculation of
second metatarsal stress. All calculations were performed using custom scripts in MATLAB
(R2024b, MathWorks, Natick, MA, USA).

Statistics

Statistical analyses were conducted in R (v4.2.2, R Foundation for Statistical
Computing, Vienna, Austria). Normality of all variables was assessed using the Shapiro-Wilk
test. For normally distributed variables, paired t-tests were conducted to compare differences
pre- and post-10 km treadmill run and Cohen’s d effect sizes quantified the magnitude of
differences. For non-normally distributed variables, paired Wilcoxon signed-rank tests were
used to compare differences pre- and post-10 km run and Wilcoxon effect sizes (r) assessed the

magnitude of effects. Statistical significance was set at p < 0.05.
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Results

All participants (Table 1) successfully completed the 10 km treadmill run. Five
participants requested a reduction in treadmill speed at least once during the run, with speed
reductions occurring 12 times across all participants. Total running time on the treadmill ranged
from 35:20 to 63:00 minutes. The mean (+ standard deviation) treadmill running speed was
3.74 + 0.48 m/s while the mean overground preferred running speed was 3.26 + 0.35 m/s.
During the treadmill run, participants’ RPE started at 12.5 + 1.1 (range: 10 — 15) out of 20 on
the Borg scale at 1 km and increased to 16.6 + 1.9 (range: 13 —20) at 10 km which corresponds
to a perceived exertion of “very hard”. Participants had an average transition time of 4:55 +
1:11 minutes (range: 3:22 — 8:30) from the treadmill to the overground trials.

Table 1

Participant information for all participants (14 female/14 male) presented as mean + standard
deviation with range in parenthesis.

All Participants (n=28)

Age (years) 29.6 £4.7 (23 - 40)
Height (m) 1.73+£0.09 (1.54 - 1.90)
Mass (kg) 68.8£9.7 (50.0 - 85.8)
BMI (kg/m?) 22.84+3.3(19.2-36.2)
Average Weekly Running Volume  48.0 =24.9 (15 - 115)
(km/week)

Average Number of Runs per 46+1.8(3-11)

Week

Running Experience (years) 7.8+5.6(2-22)
Estimated 10 km Race Time 43:08 + 5:44 (33:30-60:00)
(Self-Reported) (min:sec)

Previous Injury, n (%) 19 (68%)

Right Leg Dominant, n (%) 22 (79%)

Second Metatarsal Stress-Related Variables
All metatarsal stress-related variables were normally distributed (p > 0.05) except for

vertical and horizontal force under the second toe. No significant difference was observed in
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second metatarsal peak dorsal stress post- compared to pre-10 km treadmill run (t(27) = 1.88,
p =0.071, d = 0.05) (Table 2, Figure 1a). Peak second metatarsal plantar stress also did not
significantly differ post- compared to pre- treadmill run (t(27) = 0.84, p = 0.409, d = 0.02)
(Table 2, Figure 1b).

Peak axial stress and force decreased by 9% (axial stress: 0.60 = 0.81 MPa; axial force:
22.8 £ 30.4 N) post- compared to pre-treadmill run (t(27) = 3.96, p < 0.001, d = 0.33) (Table
2, Figure 1c), while peak bending stress, bending moment, and shear force were unchanged
(Table 2, Figure 1d).

Peak vertical and horizontal force under the second metatarsal were not different post-
compared to pre-run. Peak MTP vertical JRF decreased by 21% (23.2 = 30.2 N) (t(27) = 4.06,
p <0.001, d =0.51), while peak MTP horizontal JRF decreased by 13% (13.0 +22.4 N) (t(27)
=3.07, p=0.005, d = 0.33) (Table 2, Figure 1e-f). Peak vertical force under the second toe
decreased by 15% (5.07 = 7.91 N) (z=3.03, p=0.002, r = 0.57), while peak horizontal force
under the second toe decreased by 26% (2.62 = 3.45 N) (z=3.53, p < 0.001, r = 0.67) (Table
2). Peak plantar tendon force decreased by 14% (17.0 £27.3 N) (t=3.31, p=0.003, d = 0.37)
(Table 2).

Second metatarsal pitch angle at the time of peak stress decreased by a mean of 0.8 +
2.0° post- compared to pre-10 km run (t(27) =2.12, p = 0.043, d = 0.21) (Table 2, Figure 1g),
indicating a less inclined metatarsal post-run.

Peak whole body vertical ground reaction force (GRF) decreased by 2% (39.8 + 41.1
N) (t(27) = 5.12, p < 0.001, d = 0.14) post- compared to pre-10 km run, but peak whole body
horizontal GRF was not different (Table 2). There were no differences in the timing of peak

dorsal or plantar stress post- compared to pre-10 km run (p > 0.05).
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Table 2

Peak stresses, bending moment, forces, and pitch angle for the second metatarsal presented as
mean + standard deviation with 95% confidence intervals displayed in brackets. Effect sizes
are Cohen’s d unless indicated with 95% confidence intervals shown in brackets.

Variable Pre-Run Post-Run P value Effect Size

Peak Dorsal Stress (MPa) -144 £ 37 -142 +£35 0.071 0.05[-0.48, 0.59]
[-130, -158]  [-129, -156]

Peak Plantar Stress (MPa) 131+ 34 130+ 33 0.409 0.02 [-0.51, 0.56]
[144, 118] [143, 118]

Axial Stress (MPa) 6.79 = 1.96 6.18+1.68 <0.001*  0.33[-0.21, 0.87]
[6.03, 7.55] [5.53,6.83]

Bending Stress (MPa) 138 £ 35 136 + 34 0.168 0.04 [-0.50, 0.57]

[124,151]  [123, 149]

Peak Bending Moment (Nm) 7.55+1.94 7.48 +1.84 0.168 0.04 [-0.50, 0.57]
[6.79, 8.30] [6.76, 8.19]

Peak Shear Force (N) 266 + 54 264 + 50 0.192 0.05[-0.49, 0.58]
[246, 287] [244, 283]
Peak Axial Force (N) 256 + 74 233 £ 63 <0.001*  0.33[-0.21, 0.87]

[227,285] [209, 258]
Second Metatarsal Pitch Angle 29.5+3.7 28.8 +£3.7 0.043* 0.21[-0.32, 0.75]

at Time of Peak Stress (°) [28.1,31.0] [27.3,30.2]

Peak Vertical GRF under 279 + 56 276 +£53 0.114 0.05[-0.48, 0.59]

Second Metatarsal (N) [257, 300] [255,297]

Peak Horizontal GRF under 514+15.4 53.1+15.2 0.196 -0.11 [-0.65, 0.42]

Second Metatarsal (N) [45.4, 57.3] [47.2,59.0]

Peak MTP Vertical JRF (N) 111 +£50 88+ 40 <0.001*  0.51[-0.03, 1.06]
[92, 131] [73,104]

Peak MTP Horizontal JRF (N) 103 +44 90 +35 0.005* 0.33[-0.21, 0.87]
[86, 120] [77, 104]

Peak Vertical GRF under 348+ 14.7 29.7+11.5 0.002**  0.57°[0.25, 0.80]

Second Toe (N) [29.1,40.5] [25.2,34.1]

Peak Horizontal GRF under 102+5.4 7.6+4.4 <0.001** 0.67°[0.40, 0.88]

Second Toe (N) [8.1, 12.3] [5.9,9.3]

Plantar Tendon Force (N) 124 £51 107 £42 0.003* 0.37[-0.17,0.91]

[104,143]  [90, 123]
Peak Whole Body Vertical GRF 1678 £290  1639+285  <0.001*  0.14 [-0.40, 0.67]

™) [1566, 17911 [1528, 1749]
Peak Whole Body Horizontal 248 +£42 244 + 44 0.143 0.09 [-0.44, 0.63]
GRF (N) [231, 264] [227, 261]

MPa = megapascals. Nm = Newton metres. N = Newtons. GRF = ground reaction force. JRF = joint
reaction force. * = significant difference post- compared to pre-10 km run (p < 0.05), a =non-
parametric Wilcoxon sign-rank test performed, b = non-parametric Wilcoxon effect size.
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Joint Angles and Moments

All peak joint angles and moments were normally distributed (p > 0.05). Peak ankle
plantarflexion moment decreased by a mean of 6% (11.7 + 16.9 Nm) post- compared to pre-
10 km treadmill run (t(27) = -3.68, p = 0.001, d = -0.25) (Table 3, Figure 2b, Figure 3a). Peak
first MTP dorsiflexion angle increased by a mean of 3.3 £+ 4.9° post- compared to pre-10 km
run (t(27) = -3.63, p = 0.001, d = -0.56) (Table 3, Figure 2c, Figure 3c). Peak second MTP
dorsiflexion moment decreased by 14% (0.24 + 0.35 Nm) post- compared to pre-10 km run
(t(27) =3.52, p=0.002, d = 0.38) (Table 3, Figure 2d, Figure 3b).

There was no change in peak rearfoot eversion angle, peak knee abduction angle, peak
hip adduction angle, peak knee internal rotation angle, sagittal plane angle between the foot
and ground at initial contact, peak second MTP dorsiflexion angle, or peak first MTP
dorsiflexion moment post- compared to pre- 10 km treadmill run (p > 0.05, Table 3).

Gait Characteristics

Stride length was normally distributed (p > 0.05), while stride frequency and ground
contact time were not (p < 0.05). Stride length (pre: 2.41 + 0.23 m; post: 2.39 £ 0.24 m; p =
0.301), stride frequency (pre: 1.38 = 0.09 Hz; post: 1.36 = 0.11 Hz; p = 0.864), and ground
contact time (pre: 225 + 24 ms; post: 227 =21 ms; p = 0.202) did not change significantly post-

compared to pre-10 km run.
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Table 3

Peak joint angles and moments presented as mean =+ standard deviation with 95% confidence
intervals displayed in brackets. Effect sizes are Cohen’s d unless indicated with 95%
confidence intervals shown in brackets.

Variable Pre-Run Post-Run Pvalue  Effect Size

Peak Rearfoot Eversion Angle (°) -7.5+£29 -7.1+£29 0.129 -0.13 [-0.67, 0.40]
[-8.7,-6.4] [-8.3,-6.0]

Peak Knee Abduction Angle (°) 3.7+£32 -3.9+3.8 0.644 0.05 [-0.48, 0.59]
[-5.0-2.5] [-5.4,-2.4]

Peak Hip Adduction Angle (°) 11.0+3.9 11.3+£3.7 0.374 -0.08 [-0.62, 0.45]
[9.5,12.6] [9.9, 12.7]

Peak Knee Internal Rotation Angle 7.7+ 5.7 7.0+£5.9 0.363 0.11 [-0.42, 0.65]

©) [5.5,9.9] [4.7,9.3]

Foot to Ground Sagittal Angle at -14.6+4.4 -149+4.0 0.412 0.07 [-0.46, 0.61]

Initial Contact (°) [-16.3,-12.9] [-16.4,-13.3]

Peak First MTP Dorsiflexion Angle  40.1 +£5.7 43.4+6.1 <0.001* -0.58[-0.96, 0.12]

©) [37.9, 42.3] [41.0, 45.8]

Peak Second MTP Dorsiflexion 482 +5.8 483+5.6 0.866 -0.02 [-0.55, 0.52]

Angle (°) [45.9, 50.4] [46.1, 50.4]

Peak Ankle Plantarflexion Moment  -193 £ 50 -182+42 0.001* -0.25[-0.79, 0.28]

(Nm) [-213,-174] [-198, -165]

Peak First MTP Dorsiflexion 1.8+0.6 1.8+0.5 0.761 0.03 [-0.51, 0.56]

Moment (Nm)¥ [2.0, 1.6] [2.0, 1.6]

Peak Second MTP Dorsiflexion 1.6 £0.7 14+0.5 0.002* 0.38 [-0.16, 0.92]

Moment (Nm) [1.4,1.9] [1.2,1.6]

MTP = metatarsophalangeal, Nm = Newton meters, * = significant effect (p < 0.05), T = peak during

the last 50% of stance.
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Discussion and Implication

This study quantified changes in second metatarsal bone stress and lower-extremity
joint mechanics during overground running at preferred speed following a demanding 10 km
treadmill run. Our hypothesis that second metatarsal dorsal and plantar stress would increase
following a demanding 10 km treadmill run was not supported as no differences were found.
Despite the lack of change in peak metatarsal stress, the reduction in peak ankle plantarflexion
moment and the increase in peak first MTP dorsiflexion angle indicate that the protocol was
effective at inducing localized gait changes even given the study’s methodological limitations.
Methodological limitations include that the 10 km run was performed shod on a treadmill at a
faster speed while the measurements were conducted overground during barefoot running at
preferred speed. Additionally, the approximately five minute transition time between the
treadmill and overground running may have allowed for partial recovery.

Our findings differ from previous studies which have found increased bone loading
with exercise-induced fatigue. Peak second metatarsal strain has previously been shown to
increase in vivo during walking following walking-induced fatigue (Arndt et al., 2002;
Donahue & Sharkey, 1999) and marching-induced fatigue (Gefen, 2002). In the tibia,
compression and tension strain have also been shown to increase following a fatiguing march
and a fatiguing run (Milgrom et al., 2007). The lack of change in peak stresses in the present
study can likely be explained by the lack of change in peak vertical force under the second
metatarsal. Our previous work supports this since we showed peak dorsal stress to be very
strongly correlated with peak second metatarsal vertical force (Frankston et al., 2025). We have
also shown the model to be sensitive to relatively small changes in second metatarsal vertical
force (M. Ellison, 2020, p. 99). Our results differ from previous studies which found increased
vertical force under the second metatarsal following a fatiguing run (Anbarian & Esmaeili,

2016; Weist et al., 2004; Willems et al., 2012). The difference in findings may be due to
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methodological differences including footwear conditions (barefoot vs shod), gait type
(walking, marching, or running), and running surface (treadmill vs overground). In
combination with the approximately five-minute transition period, these methodological
differences may have allowed for partial attenuation of the effects of the 10 km run.

The second metatarsal pitch angle at the time of peak stress was more parallel to the
ground post-10 km treadmill run. While in isolation this change would have resulted in greater
bending stress, bending stress remained unchanged post-10 km run. The lack of change in
bending stress can be explained by the concurrent reduction in peak forces under the second
toe post-run, which resulted in reduced plantar tendon and joint reaction forces and
counteracted the influence of reduced metatarsal pitch angle. While peak bending stress and
shear force did not change, peak second metatarsal axial stress and force decreased post-10 km
treadmill run, although with a small effect size. Since the contribution of axial stress to dorsal
and plantar stress is negligible compared to the contribution of bending stress (Table 2), the
lack of change in dorsal and plantar stress following the 10 km run can be explained by the
lack of change in bending stress. Overall, the results suggest a change in the loading
environment of the second ray following the 10 km run. The absence of a corresponding change
in metatarsal stress may either be explained by these counteracting mechanisms or may reflect
a lack of sensitivity of the metatarsal model to detect small changes, such as those which could
occur from altered forces acting under the second toe.

Our finding of reduced peak ankle plantarflexion moment after the 10 km run supports
the findings of Sanno et al. (2018), who found a similar reduction in the final kilometre of a 10
km treadmill run, although we observed only a small effect size in the present study whereas
the previous authors reported a large effect size. Participants’ RPE in the present study was
comparable to that reported by Sanno et al. (2018) when using the same 10 km protocol. The

RPE results and the decrease in ankle plantarflexion moment following the run in both the
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present study and Sanno et al.’s (2018) study indicate a similar effect of the running protocol
on lower-extremity mechanics. Similar effects were found despite data being collected during
barefoot overground running in the present study compared to shod treadmill running in Sanno
et al.’s study, although the difference in effect size may be indicative of a recovery effect in the
protocol used in the present study.

We found no change in peak rearfoot eversion angle, peak hip and knee abduction
angles, or peak knee internal rotation angle after the 10 km run in contrast to Willwacher et al.
(2020) who found kinematic changes in these variables during the final kilometre of a 10 km
treadmill run. The difference in findings may be explained by methodological differences
including the approximately five minutes of recovery time participants had between treadmill
and overground running, which was not the case in Willwacher et al.’s (2020) study.
Additionally, participants ran at different speeds during the treadmill and overground running,
with the treadmill speed being a mean of ~0.48 m/s faster than overground running. It seems
therefore that running-induced changes in kinematics may be more sensitive to the testing
protocol than the kinetics are.

The increase in first MTP dorsiflexion angle following the 10 km run was associated
with a medium effect size. The average increase of 3.3° may indicate altered movement
strategies or fatigue of the hallux flexor muscles which eccentrically control MTP joint
dorsiflexion prior to push-off. The unchanged first MTP peak dorsiflexion moment along with
the increase in first MTP peak dorsiflexion angle suggests reduced MTP joint stiffness
following the 10 km treadmill run. The second MTP joint also showed reduced stiffness
through a combination of an unchanged peak second MTP dorsiflexion angle and a decreased
second MTP dorsiflexion moment after the 10 km run. The reduction in second MTP moment
resulted from reduced forces under the second toe, which is consistent with previous studies

which also reported reductions in forces under the lesser toes after demanding running
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protocols (Anbarian & Esmaeili, 2016; Liu et al., 2023; Willems et al., 2012). The overall MTP
findings in the present study indicate that although the first and second MTP joints showed
different responses to the 10 km run, both exhibited changes consistent with reduced joint
stiffness which may be indicative of muscular fatigue or adaptations in movement strategies.

One of the main limitations of the present study was that the 10 km protocol was
conducted on a treadmill while kinematics and kinetics were measured during overground
running. Data were captured overground due to the use of the pressure plate and the force plate
together to allow for collection of localized vertical and horizontal forces under the second
metatarsal. Participants also ran in their own running shoes during the treadmill run for
ecological validity but ran barefoot during data collection to allow for marker placement
directly on the skin and to eliminate the influence of footwear on gait mechanics. Additionally,
the pressure plate was a harder surface than the softer EVA runway, which may have caused
participants to alter their gait when landing on the pressure plate. Another limitation was that
the overground trials were run at a slower speed than the treadmill run. Reducing running speed
may alter muscle recruitment patterns and potentially mitigate the effects of muscle fatigue on
metatarsal bone stress. Future research should determine how running at the same speed as
during a fatiguing running protocol influences second metatarsal bone stress.

The model used was a simple two-dimensional cantilever model which did not account
for second metatarsal eversion angle, mediolateral forces, or bone torsion as these were
assumed to have a negligible effect on bone stress. Bone stress was estimated at the mid-shaft
of the metatarsal which is assumed to be the area with the smallest cross-sectional area and
thus highest risk of bone stress injury. It is unknown, however, whether this is the most common
location for metatarsal bone stress injuries in runners. The model also does not account for
altered load distribution across the metatarsal, which could have resulted from changes such as

the reduced metatarsal pitch angle post-10 km run.
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Conclusion

Completion of a demanding 10 km treadmill run did not change peak second metatarsal
dorsal or plantar stress, likely due to the peak vertical force under the second metatarsal
remaining unchanged. The reduction in peak ankle plantarflexion moment and the increase in
peak first metatarsophalangeal dorsiflexion angle following the 10 km run indicate that the
protocol induced gait changes. Therefore, while a demanding 10 km treadmill run may cause
changes in lower-extremity running mechanics, it may not influence metatarsal loading during

overground running at preferred speed.
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Abstract
Background

Internal metatarsal bone stress can be estimated during running using a two-
dimensional beam theory model. Variability in the modelinputs including experimentally
measured geometry, kinetics, and kinematics can influence the reliability of bone stress
estimates within and between days.

Purpose

This study aimed to quantify the within-day repeatability and between-day reliability of
estimates of second metatarsal bone stress when using a beam theory model to estimate
in vivo stress.

Methods

Twenty-eight (14 F/14 M) healthy runners visited the laboratory on two separate
occasions. During each visit, participants performed barefoot running trials at their
preferred speed while motion capture, ground reaction forces, and plantar pressure data
were recorded. Intraclass correlation coefficients (ICC) were calculated to determine
how repeatable metatarsal bones stress estimates were between five to eight trials
within a single laboratory visit and between visits.

Results

Second metatarsal dorsal and plantar stress demonstrated excellent (ICC > 0.9) within-
day repeatability and between-day reliability. Between-day reliability of the relative
positions of the motion capture markers used to define the second metatarsal and
second toe lengths was moderate to excellent. Replacing visit-specific bone lengths with
the same bone lengths for each visit improved between-day reliability of bone stress by
~6-7%.

Significance

Quantifying within-day repeatability and between-day reliability of metatarsal bone
stress during running is important for distinguishing normal physiological variability from
methodological effects and for contextualizing changes in estimated metatarsal bone
stress.
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Introduction

Runners have a high incidence of bone stress injuries in the foot (Hoenig et al.,
2024), particularly in the second metatarsal (Bennell et al., 1996; Brukner et al., 1996;
Nattiv et al., 2013). The second metatarsal has been shown to experience high vertical
plantar force, bending strain, shear force (Gross & Bunch, 1989), compression strain
(Donahue et al., 2000; Milgrom et al., 2002, 2011; Niu et al., 2015), and tension strain
(Milgrom et al.,, 2002, 2011) during dynamic loading when compared to the other
metatarsals and the tibia. By estimating internal bone stress, we can better understand
factors contributing to the risk of metatarsal bone stress injury. Internal bones stress is,
however, difficult to measure and requires either surgical implantation of strain gauges
(Arndtetal., 2002; Donahue et al., 2000; Milgrom et al., 2002) or computational modeling
(M. A.Ellison, Akrami, et al., 2020; M. A. Ellison, Kenny, et al., 2020; Firminger et al., 2017).

A two-dimensional beam theory model of the second metatarsal has previously
been used to estimate internal metatarsal bone stress during running (M. A. Ellison,
Kenny, et al., 2020; Frankston et al., 2025, 2026). The model relies on experimentally
measured geometric, kinetic, and kinematic inputs including the forces under the second
metatarsal and the pitch angle of the metatarsal to estimate bone stress (M. A. Ellison,
Kenny, et al., 2020). These model inputs can vary due to both normal physiological
fluctuations in running mechanics and methodological factors such as marker
placement. Differences in motion capture marker placement between laboratory visits
may influence bone stress estimates due to the use of marker positions to determine
second metatarsal and second toe lengths. A previous sensitivity analysis of the same

model demonstrated that a 10% increase in second metatarsal length increased peak



dorsal stress by 10.4% and peak plantar stress by 11.7%, while a 10% increase in second
toe length decreased peak dorsal stress by -0.1% and peak plantar stress by -0.6% (M.
Ellison, 2020, p. 99). Due to potential variability in model inputs, it is unknown how
repeatable metatarsal bone stress estimates are between trials within a single laboratory
visit and how reliable these estimates are across separate laboratory visits. Quantifying
both within-day repeatability and between-day reliability is important for distinguishing
normal physiological variability from meaningful experimental effects and for
contextualizing changes in estimated metatarsal bone stress.

Within-day repeatability of the model reflects how consistent outcome
measurements are across different running steps that occur during the same testing
session when physiological factors such as fatigue and training load are relatively stable.
Between-day reliability represents how consistent outcome measurements are between
testing sessions when physiological factors may fluctuate and running technique may
differ more between days than within a single session. The purpose of the present study
was to quantify the within-day repeatability and between-day reliability of second
metatarsal bone stress when estimated using experimental data and a beam theory
model of the metatarsal. We did not make a directional hypothesis due to the lack of prior
studies assessing the reliability of bone stress estimates.

Methods

Participants

Because study data had already been collected, a post hoc precision-based
approach (Bonett, 2002) was used to assess sample size adequacy. The observed ICC of

0.93fordorsal stress was used to calculate the minimum sample size required to achieve
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a 95% confidence interval width of 0.10. A minimum required sample size of 17
participants was calculated in R (v4.5.1, R Foundation for Statistical Computing, Vienna,
Austria).

The present study analyzed data previously collected in related studies (Frankston
et al., 2025, 2026). Participants were 14 females and 14 males aged 18-40 years, ran at
least 15 km per week, ran at least three times per week, had been running on a regular
basis for at least three years, ran with a rearfoot strike, had completed any distance from
five kilometers to a marathon at a maximal effort in the last two years, and could run
barefoot without pain. Exclusion criteria were any neurological, musculoskeletal, or
movement disorder, current pregnancy, any lower extremity injury within the previous six
months, any previous foot or ankle surgery, any symptomatic foot pathology, and any
illness or injury that precludes running.

Running history and descriptive information for each participant were obtained
through a digital questionnaire. The study was approved by the local ethics committee at
the Norwegian School of Sport Sciences (approval nhumber 281 - 150623) and all
participants provided written informed consent prior to participation.

Procedures

Participants visited the biomechanics laboratory on two separate occasions a
mean (+ standard deviation) of 21 = 26 days apart (range: 1 — 139 days). During the first
laboratory visit, participants were screened for foot strike type as previously described
(Frankston et al., 2025) so that only rearfoot strike runners were included in the study. The

foot strike screening trials also served as a warmup and acclimatization to the testing



procedures. Preferred running speed for each participant was determined as the mean
running speed from the barefoot screening trials (Frankston et al., 2025).

The right foot was selected arbitrarily for all participants. On both visits, retro-
reflective spherical markers (6 mm in diameter) were attached to the skin of participants’
right foot at the second metatarsal head at the dorso-medial aspect of the second
metatarso-phalangeal joint, second metatarsal base at the dorso-medial aspect of the
second metatarso-cuneiform joint, and the head of the middle phalanx of the second toe
at the most distal and dorsal point to define the second metatarsal and second toe in a
modification of the Istituto Ortopedico Rizzoli marker set (Leardini et al., 2007).
Additional markers defined participants’ right foot, shank, thigh, pelvis, and trunk as
previously described (Frankston et al., 2026). Marker locations for each participant were
determined by the same researcher (NF) through palpation of bony landmarks.

On both laboratory visits, each participant ran barefoot overground at the same
preferred running speed (+ 5%) as determined for that participant during the screening
trials. During the running trials, kinematics were recorded in three-dimensions at 185 Hz
using 23 motion capture cameras (Oqus 500 and 700, Qualisys, Gothenberg, Sweden). A
static standing trial was recorded before the running trials to define reference marker
locations and segment lengths. A pressure plate (HR Mat, TekScan, Norwood, MA, USA,
0.49 m 0.45 m 0.01 m, with 8,448 sensors, 185 Hz, 3.9 sensors/cm?) recorded plantar
forces during running and was set in a 14.4-m ethylene-vinyl acetate (EVA) runway (0.02
m thick) with a gap where the pressure plate was located. The pressure plate was located
directly over a floor-embedded force plate which recorded three-dimensional forces

from the same step at 1850 Hz (AMTI, Watertown, MA, USA).
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A successful trial was defined as a trial where the whole foot landed within the
bounds of the pressure plate, the participant did not appear to target the plate, the
running speed was within = 5% of the preferred speed, and the participant landed with a
rearfoot strike. Five to eight successful running trials were collected for each participant
on each visit. Up to eight trials were collected to ensure a minimum of five usable trials.
For the first laboratory visit, the preferred speed running trials were one of six running
conditions conducted in arandomized order (Frankston et al., 2025), while for the second
visit the preferred speed trials were the first running condition conducted (Frankston et
al., 2026). Participants’ training load and physiological state (such as fatigue levels) were
not controlled for.

Data Analysis

To determine stance phase during running, a vertical force threshold of 5 N was
used for both the pressure and force data to retain as many frames of pressure data as
possible. Marker positions and ground reaction force data were filtered with a fourth-
order lowpass Butterworth filter with a cut-off frequency of 20 Hz in Visual3D (HAS
Motion, Kingston, Ontario, Canada). Data were interpolated to 101 frames of stance
phase. For the pressure data, regional masks were automatically applied using Strideway
software (Strideway 7.80, TekScan, Norwood, MA, USA) to define second metatarsal and
second toe regions. Regional masks were manually adjusted by the same researcher (NF)
to ensure that each region of interest was fully contained within its respective mask. To
maintain consistency between trials, the minimum number of adjustments were made

to define each region (Figure 1).



Unadjusted Adjusted
Second

Toe Region

Second

Metatarsal
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Figure 1: Example from a single trial demonstrating the manual adjustments made to the
automatic regional masks in Strideway v7.80 (TekScan, Norwood, MA, USA). The left image
shows the unadjusted regional masks and the right image shows the masks after manual
adjustment for the second metatarsal and second toe regions using the minimum number of
adjustments to define each region.

Forthe calculation of stride length and frequency, foot strikes were detected when
the vertical velocity of the inferior posterior calcaneus marker crossed zero from negative
to positive. Additionally, an anteroposterior heel marker velocity threshold of near zero
(6.5 x 10 was set to prevent false foot strike detections during swing phase. One stride
per trial was analyzed with a minimum of five strides required per participantforinclusion
in the analysis.

Beam Theory Model
A two-dimensional beam theory model of the second metatarsal was used to

estimate dorsal and plantar stress atthe bone midshaft (M. A. Ellison, Kenny, et al., 2020).

Participant-specific metatarsal and toe lengths calculated from the static trial were used



in the model along with mean bone geometries from a cohort of 20 healthy recreational
runners (M. A. Ellison, Kenny, et al., 2020) as previously described (Frankston et al., 2025).
Model assumptions have been reported previously (M. A. Ellison, Kenny, et al., 2020).
Briefly, the model assumes that external forces are applied at points under the second
metatarsal head and second toe and that mediolateral forces and kinematics are
negligible.

Model calculations have previously been described in detail (M. A. Ellison, Kenny,
et al., 2020). Briefly, second metatarsal axial and shear forces were calculated by
summing the axial and shear components of the joint reaction forces and external forces
acting under the second metatarsal. Bending momentwas the product of shear force and
distance from the metatarsal midpoint to the center of the metatarsal head. Dorsal stress
was the sum of axial and bending stress and plantar stress was the difference between
axial and bending stress. Peak values were analyzed.

Model Inputs

External forces acting under the second metatarsal and second toe were input
into the model and were calculated by scaling the vertical and horizontal whole body
ground reaction forces by the percentage of force under those regions in the pressure
data. Second metatarsal pitch angle was also required by the model and was calculated
from the inverse sine of the ratio of the vertical distance between the second metatarsal
head and base markers divided by the three-dimensional (3D) vector distance between
those markers. Second metatarsal and second toe lengths were inputinto the model and
were quantified from the static trial as the 3D vector distance between the second

metatarsal head and base markers and as the 3D vector distance between markers on



the second metatarsal head and the head of the middle phalanx of the second toe,
respectively.
Repeatability and Reliability Analyses

Intraclass correlation coefficients (ICC) were used to assess within-day
repeatability and between-day reliability for stress-related variables and stride
characteristics. ICCs were calculated using the irr package (Gamer et al., 2019) in R
(v4.5.1, R Foundation for Statistical Computing, Vienna, Austria) for a two-way mixed-
effects model with absolute agreement and average measures. ICC values were
interpreted as poor (< 0.5), moderate (0.5 - 0.75), good (0.75 — 0.9), or excellent (> 0.9)
(Koo & Li, 2016). Standard error of measurement (SEM) was calculated to estimate the
magnitude of random measurement error in the same units as the variable of interest.
SEM was calculated between days as SD * /(1 — ICC) where SD was pooled standard
deviation between days. SEM was also reported as a percentage of the mean value for
eachvariable. The minimal detectable change (MDC) was used to represent the smallest
change which exceeds measurement error and indicates a true change. MDC was
calculated as SEM*1.96*v/2.

Bone stress for each visit was calculated using the second metatarsal and second
toe lengths from the static trial of the given visit. To assess the influence of metatarsal
and toe lengths on dorsal and plantar stress, bone stress was also computed using
constant bone lengths by applying the first-visit lengths to both visits.

To determine the change in relative marker positions between days, the relative
distances between the second metatarsal head and base markers and reference markers

(first and fifth metatarsal head and posterior inferior calcaneus markers) were

10



determined by calculating the 3D vector distances between these markers. Mean and
percent differences of relative marker distances were calculated. All calculations were
performed in MATLAB (R2024b, MathWorks, Natick, MA, USA).

Bland-Altman plots were created in R to provide an overview of agreement
between visits for representative stress, force, and geometric variables related to second
metatarsal stress.

Results

All 28 participants completed the testing on both days. The number of days
between laboratory visits varied between participants, with 14% of participants following
up in 1 day, 32% within 7 days, 36% within 14 days, 86% within 30 days, and 96% within
45 days. Participants had a mean (+ standard deviation) age of 29.6 + 4.7 years, body
mass of 68.8 + 9.7 kg, height of 1.73 £ 0.09 m, body mass index of 22.8 * 3.3 kg-m™,
running experience of 7.8 £ 5.6 years, and weekly running volume of 48 = 25 km.

Within-day repeatability was excellent for peak dorsal and plantar stress, peak
bending moment, and normalized peak vertical force (Table 1). Within-day repeatability
was good for peak shear force, peak axial force, peak vertical and horizontal force under
the second metatarsal, second metatarsal pitch angle at the time of peak stress,
normalized peak whole body horizontal ground reaction force (GRF), percent of GRF
under the second metatarsal at the time of peak stress, and maximum percent of GRF
under the second metatarsal (Table 1).

Between-day reliability was excellent for all stress-related variables except for
second metatarsal and second toe lengths which showed moderate reliability (Table 2).

Second metatarsal length was longer by a mean of 1.9% (mean difference + standard

11



Table 1

Within-day repeatability metrics and percent difference in ICC between visits for stress-
related variables.

Visit 1 Visit 2
Variable ICC [95% CI] ICC [95% CI] % AICC
Peak Dorsal Stress (MPa) 0.916[0.807, 0.957] 0.930[0.845, 0.961] 1.5
Peak Plantar Stress (MPa) 0.919[0.800, 0.956] 0.933[0.875, 0.967] 1.4
Peak Bending Moment (Nm) 0.918[0.795, 0.958] 0.932[0.883, 0.975] 1.5
Peak Shear Force (N) 0.877[0.654, 0.935] 0.890[0.796, 0.943] 1.4
Peak Axial Force (N) 0.840[0.647,0.919] 0.817[0.636, 0.892] -2.7

Peak Vertical GRF under
Second Metatarsal (N)

Peak Horizontal GRF under
Second Metatarsal (N)

Second Metatarsal Pitch Angle 0.851[0.705, 0.940]
at Time of Peak Stress (°)

0.882[0.791, 0.936] 0.890[0.793, 0.943] 0.9

0.862[0.750, 0.918] 0.873[0.752, 0.941] 1.3

0.933[0.875, 0.959] 9.6

Normalized Peak Whole Body  0.956 [0.903, 0.977] 0.944[0.867,0.971] -1.3
Vertical GRF (N/kg)

Normalized Peak Whole Body  0.857[0.735, 0.933] 0.805[0.575, 0.878] -6.1
Horizontal GRF (N/kg)

Percent of GRF under Second
Metatarsal at Time of Peak
Stress (%)

Maximum Percent of Force
under Second Metatarsal (%)

0.740[0.539, 0.860] 0.839[0.730, 0.907] 13.4

0.801[0.597, 0.889] 0.816[0.704, 0.891] 1.9

MPa = Megapascals. Nm = Newton meters. N = Newtons. GRF = Ground reaction force. ICC =
intraclass correlation coefficient. 95% Cl = 95% confidence interval. % A ICC = Percent
difference in ICC between visits.

error (SE) of the difference: 1.2 £1.2 mm) when measured on the second visit compared
to the first visit, while second toe length was longer by a mean of 2.6% (mean difference
+ SE: 1.2 + 0.9 mm). When the same second metatarsal length was used for both visits,

between-day reliability increased by 6.0% for peak dorsal stress and 7.0% for plantar

stress (Table 3). When the same second toe length was used for both visits, between-

12



day reliability did not change for peak dorsal stress and increased by 0.1% for peak

plantar stress (Table 3).

Table 2

Between-day reliability metrics for stress-related variables.

Variable Mean = SD 95% Cl of ICC

Visit 1 Visit 2 ICC Lower Upper SEM % SEM MDC
Peak Dorsal Stress (MPa) 138 £ 32 144 £ 37 0.932 0.847 0.969 9.0 6.4 25.0
Peak Plantar Stress (MPa) 125+ 30 131+£34 0.924 0.830 0.965 8.9 7.0 24.8
Peak Bending Moment (Nm) 7.2+x1.7 7.5%£1.9 0.928 0.839 0.967 0.5 6.7 1.8
Peak Shear Force (N) 261 £50 266 =54 0.983 0.960 0.992 6.8 2.6 18.8
Peak Axial Force (N) 25172 256 =50 0.953 0.900 0.978 15.8 6.2 43.7
Peak Second Metatarsal 273 +£52 279+ 56 0.979 0.950 0.991 7.8 2.8 21.7
VGRF (N)
Peak Second Metatarsal 5015 5115 0.976 0.946 0.989 2.3 4.6 6.5
hGRF (N)
Second Metatarsal Pitch 29.4+3.4 295+3.7 0936 0.861 0.970 0.9 3.1 2.5
Angle at TPS (°)
Normalized Peak Whole 24.4+26 24426 0985 0.968 0.993 0.3 1.3 0.9
Body vGRF (N/kg)
Normalized Peak Whole 3.6+0.5 3.6£0.5 0.924 0.836 0.964 0.1 3.8 0.4
Body hGRF (N/kg)
Percent of GRF under Second 18.4+3.4 18.7+3.5 0.965 0.926 0.984 0.0 3.5 0.0
Metatarsal at TPS (%)

Maximum Percent of Force 29.1+13.0 28.4+10.3 0.929 0.846 0.967 0.0 10.9 0.1
under Second Metatarsal (%)

Second Metatarsal Length 636 647 0.656 0.262 0.840 3.7 5.9 10.4
(mm)
Second Toe Length (mm) 48 £5 495 0.680 0.321 0.850 2.7 5.6 7.5

GRF = ground reaction force. MPa = megapascals. N = newtons. Nm = newton meters. h = horizontal.
v =vertical. TPS = time of peak stress. SD = standard deviation. ICC = intraclass correlation
coefficient. 95% Cl = 95% confidence interval. SEM = standard error of the measurement. MDC =
minimal detectable change.
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When comparing relative marker distances between days, reliability ranged from
moderate (ICC = 0.579) to excellent (ICC = 0.932), with the second metatarsal head
marker showing greater between-day reliability in relative marker distances than the
metatarsal base marker (Table 4). The mean difference in relative marker positions

between days was less than two millimeters (2.1%) (Table 4).

Table 4

Between-day differences and reliability of relative three-dimensional vector distances
between optical motion capture markers. Mean and percent differences were
calculated as Visit 2 relative to Visit 1, with positive differences indicating greater
distances for Visit 2.

Mean Percent
Marker  Relative To Difference Difference ICC [95% Cl] SEM MDC
£SE (mm) (%)
SMH FMH 0.4+0.7 1.0 0.621[0.328, 0.805] 2.5 7.0
VMH 0.6+0.8 0.8 0.698[0.446, 0.848] 2.9 8.0
CAL -0.1£0.7 -0.0 0.932[0.858, 0.968] 2.8 7.6
SMB FMH 1411 2.1 0.579[0.278,0.779] 4.0 11.0
VMH 1.1+1.0 1.3 0.734[0.507, 0.867] 3.7 10.1
CAL -1.5+0.9 -1.0 0.868[0.734, 0.937] 3.5 9.8

SMH = second metatarsal head. SMB = second metatarsal base. FMH = first metatarsal head.
VMH = fifth metatarsal head. CAL = posterior inferior calcaneus. SE = Standard error of the
difference. ICC = Intraclass correlation coefficient. 95% CIl = 95% confidence interval. SEM =
Standard error of the measurement. MDC = Minimal detectable change.

Stride length and frequency showed excellent between-day reliability and within-
day repeatability (Table 5).

Bland-Altman plots showed good agreement with small mean biases relative to

the limits of agreement, indicating minimal systematic bias (Figure 1).
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Discussion

This study quantified the within-day repeatability and between-day reliability of
second metatarsal bone stress when estimated using a beam theory model with
experimentally collected data on repeat laboratory visits. Bone stress demonstrated
excellent within-day repeatability and between-day reliability. The bone stress model
thus appears to be robust to repeat measurements of the same running condition,
demonstrating excellent consistency over time despite variability in the length of time
between visits, ranging from one to 139 days. However, the excellent reliability of bone
stress estimates may also indicate a lack of sensitivity of the model to detect true
changes in stress between conditions.

Bone stress estimates were reliable despite only moderate between-day reliability
of second metatarsal and second toe lengths determined based on the placement of
skin-mounted markers. Our findings indicate that the variation in metatarsal and toe
lengths between visits was not large enough to significantly influence the reliability of
bone stress estimates. The previous sensitivity analysis demonstrated that the model is
sensitive to changes in metatarsal length but was conducted with larger length
differences of 10% compared to length differences of less than 2% in the present study
(M. Ellison, 2020, p. 99).

While bone stress estimates demonstrated excellent between-day reliability,
using the same bone lengths for both visits further improved the reliability of bone stress.
Using the same second metatarsal length for both visits increased between-day
reliability (ICC) by 6.0% for peak dorsal stress and 7.1% for peak plantar stress, while

using the same second toe length for both visits had minimal to no effect on between-
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day reliability for peak dorsal and plantar stress (Table 3). When using first-visit
metatarsal and toe lengths for the second visit, dorsal stress was reduced by 2.4% and
plantar stress by 2.5% compared to using visit-specific lengths. Future research
comparing bone stress estimates between days should consider using fixed bone lengths
to improve between-day reliability.

Since second metatarsal length was calculated from marker positions, between-
day differences in marker positioning will influence the reliability of bone stress. The
reliability of between-day relative marker distances was moderate to excellent (ICC
range: 0.579 - 0.932), with mean differences of less than 2 mm in relative marker
positions between visits (Table 4). Thus, even relatively small differences of less than 2
mm in relative marker distances can influence bone stress reliability by 6 — 7%.

We are not aware of any previous studies which have investigated the reliability or
repeatability of estimates of bone stress during gait. Our finding of excellent reliability
and repeatability for bone stress aligns with previous studies which found good to
excellent reliability of kinematics, kinetics, and GRFs during walking and running
(Bramah et al., 2021; Ferber et al., 2002; Kadaba et al., 1990; Schache et al., 2002). Our
finding of excellent reliability may thus reflect the model’s reliance on kinematic and GRF
inputs, which have been shown to demonstrate high within- and between-day reliability.

We found greater between- than within-day ICC for peak dorsal stress, shear
force, axial force, vertical and horizontal force under the second metatarsal, pitch angle
at time of peak stress, normalized peak whole body vertical and horizontal GRF, and
percent of GRF under the second metatarsal, which contrasts with previous studies

which found kinematics, kinetics, and GRFs to be more repeatable within than between
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days (Ferber et al., 2002; Kadaba et al., 1990; Schache et al., 2002). The greater within-
compared to between-day repeatability in previous studies may be explained by
differences in marker positioning between days. The reason for the greater between-
compared to within-day ICCs in the present study is unclear but could be related to
differences in procedures between the visits. The preferred speed trials during the first
visit were performed in a randomized order as one of six running conditions but were
performed first on the second visit. Additionally, the present study involved a variable
follow-up period between visits, while previous studies had standard follow-up periods
of 1-2 weeks between visits (Ferber et al., 2002; Kadaba et al., 1990; Schache et al.,
2002). A familiarization effect to the testing procedures could have also played a role
since the ICC values were typically higher for Visit 2 than Visit 1.

Stride characteristics including ground contact time, stride length, and stride
frequency showed good or excellent between-day reliability and within-day repeatability
(Table 5). Our findings indicate that participants ran in a highly consistent manner across
trials and days, suggesting that variability in stress-related variables is unlikely to be
explained by changes in running stride.

A strength of the present study is that differences in training load and physiological
state such as fatigue levels between visits were not controlled for since these factors are
not typically accounted for in biomechanics studies. Limitations of the present study
include the potential effect of acclimation to study procedures where participants may
have been more consistent in their running technique on the second visit. Another
limitation is that testing procedures were not identical on both days, with the preferred

speed condition being one of six conditions performed in a randomized order on the first
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visit whereas it was always the first condition on the second visit. The time between
testing days was also not controlled for and may have affected the results due to the large
variability in the time between visits. Additionally, the study cohort of healthy runners
may limit the generalizability of results to other populations such as those with less
running experience, older age, or unhealthy populations.

Conclusion

Second metatarsal dorsal and plantar stress showed excellent within-day
repeatability and between-day reliability during barefoot running when using a beam
theory model to estimate stress. Bone stress estimates were highly reliable despite
moderate between-day reliability of second metatarsal and second toe lengths
measured from skin-mounted markers. Within-day repeatability was greater on the
second visit than the first, potentially indicating an acclimation effect to the testing

procedures.
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Appendix Il. Screening Questionnaire

The following questionnaire was given online using SurveyXact. The formatting appears
differently here than the online version.

Screening Questionnaire Consent Statement
This screening questionnaire takes less than 5 minutes to complete and contains mostly yes or
no questions.

Purpose

This screening questionnaire will be used to determine if you are eligible to participate in a
research study at the Norwegian School of Sport Sciences (NIH). We are looking to study
distance runners who meet specific eligibility criteria. The purpose of the research is to
understand how running speed, running with a weight vest, and completing an intensive 10 km
run on the treadmill affect the forces in your foot.

Voluntary

Participation in this screening questionnaire is entirely voluntary. You will be asked questions
about yourself and your running habits to determine if you are eligible to participate in the
study. You can withdraw your consent at any time without giving a reason. If you withdraw your
consent or do not complete the questionnaire, your responses will be deleted.

Data Handling

Your responses to the questions will be stored electronically in SurveyXact. If you are ineligible
or choose not to participate in the research study, your responses will be deleted once study
recruitment has concluded. If you are eligible for the study and choose to participate, your
responses will be saved for the duration of the study. Your responses will be anonymized five
years after the end of the project.

Contact Info
If you have any questions or would like more information please contact the study manager,
Naomi Frankston, at naomief@nih.no.



I have read the above statement and consent to participate in the screening
questionnaire.

@ O Yes
2 O No

How old are you?

What is your sex?
@ O Male
2 QO Female

@) Q Other, please specify

How much do you weigh in kg?

Are you currently pregnant?
@ O Yes

2 O No

Do you have any illness or injury that prevents you from running?
@ O Yes

2 O No



Are you comfortable running 10 km on a treadmill?
@ O Yes

2 O No

Can you run barefoot without pain?
@ O Yes

2 O No

Have you had a lower extremity injury in the last 6 months?
@ O Yes

2 O No

Have you had previous ankle or foot surgery?
@ O Yes

2 O No

Do you have any neurologic, musculoskeletal, or movement disorders?
@ O Yes

2 O No



On average during the last 4 weeks, did you run at least 15 km per week?
@ O Yes

2 O No

On average during the last 4 weeks, did you run at least 3 times per week?
@ O Yes
2 O No

What is your average pace for an easy run in minutes per kilometer? This is the
pace which feels most comfortable for you to run at.

In the last 2 years, have you completed a running race (or self-timed maximal
effort) that is between 5 km and a marathon? This includes running a 5km, 10
km, half marathon, or marathon (or any distance in between) at maximum
effort.

1 O Yes

2 O No

What is your current estimated time for a 10 km run at maximum effort? This is
the total time you think it would take you to run a 10 km at maximum effort. If
you are unsure, enter zero.



Have you been running on a regular basis for at least 3 years? Select yes even if
you took some breaks but then returned to running.

@ O Yes

2 O No

What part of your foot typically contacts the ground first when you run?

1) O Heel (rearfoot)

2) QO Middle of the foot (midfoot)

3) QO Front of the foot (forefoot)

@ QO Unsure
Would you consider running to be your primary sport or physical activity?
@ O Yes

2 O No

Thank you for completing the screening survey.

We would like you to visit the lab at the Norwegian School of Sport Sciences
(NIH) for testing.

If you have any questions about the study, you can contact the study manager,
Naomi Frankston, at naomief@nih.no.

Please enter your email address here and we will contact you to schedule your
visit to NIH Sognsvann:




Thank you for completing the screening survey.

Unfortunately, you do not qualify for the study. If you have any questions
regarding the study, you can contact the study manager, Naomi Frankston, at
naomief@nih.no.

Your survey answers are stored anonymously in SurveyXact and will be deleted
once study recruitment has concluded expect if you enter your email address
below.

If you enter your email address below, you consent to having your email address
stored along with your survey answers until 01.06.2028.

If you would like to be contacted about future studies, please enter your email
address here (optional):



Appendix lll. Modified Physical Activity Readiness Questionnaire (PAR-Q)

Subject Code: Date:

Please read the questions carefully and answer each one honestly:

D Yes D No 1. Has your doctor ever said that you have a heart condition
and that you should only do physical activity recommended
by a doctor?

D Yes D No 2. Do you feel pain in your chest when you do physical
activity?
D Yes D No 3. In the past month, have you had chest pain when you were

not doing physical activity?
D Yes D No 4. Do you lose your balance because of dizziness or do you

ever lose consciousness?

D Yes D No 5. Do you have a bone or joint problem that could be made
worse by a change in your physical activity?

6. Is a physician currently prescribing medications for your
Yes D No -
blood pressure or heart condition?

D Yes D No 7. Do you know of any other reason why you should not do
physical activity?






Appendix IV. Running History Questionnaire

The following questionnaire was given online using SurveyXact. The formatting appears
differently here than the online version.

Enter your subject number

How old are you?

What is your sex?
1) QO Female
2 O Male

@) Q Other, please specify

Which foot would you use to kick a ball?

1) O Right

@ Q Left

3) Q Both equally

@ Q Unsure

On average during the last 4 weeks, how many kilometers did you run per week?



On average during the last 4 weeks, how many times did you run per week?

How many years have you been running? Count each year in which youranon a
regular basis for more than 6 months of the year.

Over the last 2 weeks, how would you describe your training load compared to
your average training load? (also asked on Visit 2)

69 Q 7 Extremely high training load
1) Q 6 Very high training load

(77 O 5 Higher training load

(122 QO 4 Average training load

© O 3 Lower training load

© O 2 Very low training load

(10) QO 1 Extremely low training load



How physically fatigued do you feel today? Think about how heavy your legs feel
from training and how ready you feel to train right now. (also asked on Visit 2)
TOTAL FATIGUE
10 & EXHAUSTION - —E@
NOTHING LEFT
9

VERY FATIGUED

w

A LITTLE FATIGUED

00

5 MODERATELY .
FATIGUED

%

(<)
S,

0 NOT FATIGUED ATALL Y

w Q10
2 O9
e O8
@ Q7
5 Q6
©® Q65
@ Q4
® O3
© O2
w) O1

ay QOO0



What is the brand and model of your current running shoes? Example: Brooks
Ghost 14

Why did you choose your current running shoes? (optional)

Do you currently or have you ever worn inserts or orthotics in your shoes?

1) Q Yes, | currently use orthotics all of the time or some of the time
2 QO Yes, | used orthotics in the past but | don’t use them any longer

3) O No, | have never used orthotics or inserts

Why did you wear inserts or orthotics?




Were your inserts or orthotics prescribed by a medical professional? Check the
box next to comment if you wish to add a comment.

@ O Yes
20 O No
4 O Comment (optional)

Did you find that wearing the inserts/orthotics helped? Check the box next to
comment if you wish to add a comment.

@) dYes
2 d No

@ O Comment (optional)

Why did you stop wearing inserts or orthotics?

Have you ever had a running-related injury which caused you to miss 3 or more
planned running sessions?

@ O Yes

2 O No



Which running-related injuries have you had that caused you to miss 3 or more
planned running sessions? Please explain which body part was affected and
what the injury was. Example: Left foot plantar fasciitis, right femur stress
fracture. Please list all relevant running-related injuries.

Which running-related injuries were diagnosed by a medical professional? This
can include a physiotherapist, medical doctor, athletic trainer, or similar. You
can repeat answers from the previous question if the injury was diagnosed by a
medical professional.

Have you ever had surgery related to a running injury?
@ O Yes

2 O No



Which body part was affected and which surgery did you have? Example: Right
hip labral repair

Is there anything else you would like us to know? (optional)







Appendix V. Modified Rizzoli Foot Marker Set

Additions to the Rizzoli foot marker set are shown in blue. Omissions from the marker set are
shown with a red X.

Figure Modified From: Portinaro N, Leardini A, et al. J Foot Ankle Res. 2014;7(1):754. doi:
10.1186/s13047-014-0057-2. PMID: 25558289.







Appendix VI. Modified Rizzoli Foot Marker Set Guide

Blue text indicates additions to the Rizzoli marker set. Red strikethrough indicates omissions.
Virtual markers are indicated with grey text.

Modified from: Leardini A, Benedettu MG, Berti D, et al. Gait & Posture. 2007;25(3):453-462.
doi: https://doi.org/10.1016/j.gaitpost.2006.05.017

Phalanges (Pha):

PM

ST

most distal and dorsal point of the head of the proximal phalanx of the
hallux.

most distal and dorsal point of the head of the middle phalanx of the
second toe.

Metatarsus (Met):

FMB

FMH

SMB

SMH

TMB

TMH

VMB

VMH

base of the first metatarsal, dorso-medial aspect of the first metatarso-
cuneiform joint.

head of the first metatarsal, dorso-medial aspect of the first metatarso-
phalangeal joint.

base of the second metatarsal, dorso-medial aspect of the second
metatarso-cuneiform joint.

head of the second metatarsal, dorso-medial aspect of the second
metatarso-phalangeal joint.

base of the third metatarsal, dorso-medial aspect of the third metatarso-
cuneiform joint.

head of the third metatarsal, dorso-medial aspect of the third metatarso-
phalangeal joint.

base of the fifth metatarsal, dorso-lateral aspect of the fifth metatarso-
cuboid joint.

head of the fifth metatarsal, dorso-lateral aspect of the fifth metatarso-
phalangeal joint.

Mid-foot (Mid):

TN
MC

most medial apex of the tuberosity of the navicular.

the most distal and dorsal aspect of the middle cuneiform, assumed to

coincide with SMB.



TC  most lateral apex of the tuberosity of the cuboid, assumed to coincide with
VMB.

ID intermedius mid-foot, mid point between TN and TC.

Calcaneus (Cal):

CA  upper central ridge of the calcaneus posterior surface, i.e. Achilles’ tendon
attachment.

HL lower central ridge of the calcaneus posterior surface, superior to heel fat
pad.

PT  lateral apex of the peroneal tubercle.
ST  most medial apex of the sustentaculum tali.

IC intermedius calcaneus, mid point between ST and PT.
Shank (Sha):

T . . the tibial-ful e
LM  distal apex of the lateral malleolus.
MM distal apex of the medial malleolus.
IM  intermedius malleoli, mid point between LM and MM.



Appendix VII. Borg Scale (English)
6
7 Very, very light
8

9 Very light

13 Somewhat hard

-
E N




Borg Scale (Norwegian)

6
7 Veldig, veldig lett
8

9 Veldig lett

13 Behagelig anstrengende

-
H




Appendix VIIl. Bone Geometries from MRI Data

Table I: Means and standard deviations (SD) for bone geometry values provided by Ellison
et al.® from magnetic resonance images of 20 healthy runners. Mean values were used in
the bone stress calculations.

Variable Mean SD

€ (mm) 4.07 6.18

r1 (mm) 9.66 1.61

r2 (mm) 7.65 0.93
Cross-Sectional Area (mm?) 3.77x102  6.00x10°®
Ixx (mm?*) 2.05x107 8.29x10°®
r (mm) 3.74 0.48

e = distance between the inferior metatarsal head and the plantar tendon
r1=lower radius of the metatarsal head

r2 = upper radius of the metatarsal head

Ixx = area moment of inertia about the horizontal axis of the bone cross-section
r = radial distance from the center of the bone to the surface
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       F  s h =     F  m z c o s 𝛼 +     F  m y sin 𝛼 −     F  j z cos 𝛼 −   F  j y sin 𝛼   #  ( 6 )


       M  b e =  (     l  m −   r 2 2 )   F  s h   #  ( 7 )


       𝜎  a x =       F  a x  C S A   #    ( 8 )


       𝜎  b e =       M  b e r    I  x x   #    ( 9 )


       𝜎  d =     𝜎  a x +     𝜎  b e #  ( 10 )


       𝜎  p =     𝜎  a x −     𝜎  b e #  ( 11 )


       𝜎  p =     𝜎  a x −     𝜎  b e #  ( 11 )

