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ABSTRACT 

 Running is a common fitness activity that is associated with a high incidence of overuse 
injuries, including metatarsal stress fractures. One contributor to stress injury is repetitive 
loading of the metatarsals without adequate recovery time and experiencing larger volumes and 
magnitudes of bone loading may increase injury risk. Thus, quantifying metatarsal loads can be 
beneficial to understanding injury risk. However, it is currently difficult to estimate bone stress 
in clinical settings and unclear how bone stress changes following a long run. Therefore, the 
purpose of this thesis was to 1) characterize changes in metatarsal bone stress before and after 
the completion of a long-distance run, and 2) suggest a clinically feasible method for estimating 
metatarsal bone stress. Study 1 involved 21 healthy long-distance runners who ran 25% of their 
average weekly mileage on an instrumented treadmill. Foot kinematics, ground reaction forces, 
and in-shoe plantar pressures were collected at the beginning and end of the run and a 
mathematical model was used to estimate bone stresses and bending moments for all five 
metatarsals. Plantar stress, dorsal stress, and midshaft bending moments in the second and third 
metatarsals were greater after the completion of the run. This is consequential for injury risk 
because the second and third metatarsals are the most susceptible to stress fracture development. 
In study 2, seventeen runners ran barefoot across a force plate overlaid with a plantar pressure 
mat while foot kinematics were recorded. The same mathematical model of the metatarsals was 
used to estimate third metatarsal bone stresses and bending moments, and linear regressions 
determined whether force or pressure beneath the metatarsal predicted bone loads. A model 
containing head and base pressure differentials and force beneath the metatarsal head was the 
best predictor of bone loading, indicating that the use of plantar pressure measurements as a 
surrogate measure of bone stress could be a time and cost-effective method for estimating bone 
stress in clinical settings. Moving forward, elucidating how metatarsal bone stress changes over 
the course of a long run and finding more accessible ways to quantify bone stress could help 
alleviate injury risk. 
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CHAPTER ONE 

INTRODUCTION 

 Running is a popular activity that is enjoyed by people all over the world. Despite 

numerous health benefits, running is also associated with a high incidence of overuse injuries. In 

any given year, over half of runners will experience some sort of running-related injury. Given 

the repetitive nature of the activity, these injuries are more often a result of overuse rather than 

acute incidents. The majority of running related overuse injuries affect the lower extremity and 

of these injuries, 16% will be stress fractures.1 Additionally, 9% will occur in the metatarsal 

bones and the vast majority will happen in the second and third metatarsals.2 Stress fracture 

development is multifactorial, but the main mechanism of injury is repetitive loading. Large 

loading volumes of sizeable magnitudes, combined with a lack of rest time for bone to recover, 

can result in stress fracture injury. 

 Long-distance runners are especially susceptible to these injuries. Injury incidence in 

distance runners has been estimated to be as high as 79% per year and those who run more than 

20 miles per week are at a higher risk.3,4 Greater mileage allows for increased overloading of the 

tissues and more opportunity for injuries like stress fractures. Given the increase in injury rate, it 

is important to know how bone stress changes after a long run to further our understanding of 

possible injury risk. While previous studies have looked at the effects of footwear and foot strike 

on metatarsal bone stress,5,6 there is an absence of literature looking at metatarsal loading after a 

long-distance run. Instead, most current studies looking at changes in loading patterns after a 

long run have focused on force and pressure measurement beneath the foot.7–9 Most of these 

previous studies agree on how external loading changes following a long run. Compared to pre 
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run conditions, force and pressure measurements following a long run show increased loading 

beneath the metatarsal heads and a decrease in loading beneath the toes. This is most likely a 

result of fatigue in the plantar flexors, causing the toes to be less effective in propelling the foot 

forward and instead transferring more load under the forefoot region.7 Many of these studies 

have suggested that an increase in external loading will be accompanied by an increase in 

internal loading of the metatarsals. However, other studies have suggested that ground reaction 

forces and plantar pressure measurements are not indicative of internal bending moments and 

stresses.6,10 Given these discrepancies, it remains unclear how metatarsal bending moments and 

stresses change after the completion of a long run. 

 Although having a better understanding of internal loading could help to alleviate injury 

risk, bone stress is difficult to measure. Directly measuring bone stress can be invasive and 

costly, requiring surgical implantation of strain gauges and staples, or the use of cadaver 

specimens.11 Indirect measurements using mathematical models are less invasive, but still time 

and resource intensive.6,12 Modeling can require precise motion capture and force measurements, 

the equipment for which is expensive and typically not available in most clinical settings. 

However, previous literature has suggested that the difference in pressure between the head and 

base of the fifth metatarsal may be a useful surrogate measure for bending moment, and as an 

extension, compressive and tensile stresses acting on the shaft of the metatarsal.13 If pressure 

differentials are in fact predictive of internal bone loading this could potentially present a method 

of estimating metatarsal bone stress that is clinically feasible. Plantar pressure mats are 

inexpensive and easy to use in comparison to other methods of measuring and estimating bone 

stress. A patient would simply need to run across the mat and pressure measurements can be 
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quickly analyzed, potentially removing barriers so that stress can be estimated in clinic and 

potential injury risk can be more easily identified.  

 The lack of knowledge regarding how metatarsal bone loads change and the absence of a 

quick and easy method of estimating internal loads should be remedied to better understand and 

prevent injury risk. Therefore, the purpose of the following thesis was to assess metatarsal bone 

stress in two different conditions. Chapter Two contains a review of the literature associated with 

metatarsal bone stress during running, providing a background for subsequent research. Chapters 

Three and Four will include manuscripts addressing two separate research questions: 

Research Question 1  

 There is a lack of consensus regarding how metatarsal bone stress changes after the 

completion of a long-distance run. Study 1 will attempt to characterize changes in metatarsal 

stress before and after the completion of a non-exhaustive run equivalent to 25% of a runner’s 

average weekly mileage. We hypothesize that plantar stress, dorsal stress, and bending moment 

values will be greater at the completion of the run. 

Research Question 2: 

 A clinically feasible method of estimating metatarsal bone stress could be beneficial in 

determining if a runner is at risk of a bone stress injury. However, current methods are not 

feasible for in-clinic use. Study 2 will examine whether measures of external loading are 

predictive of metatarsal stresses. It was hypothesized that a greater difference in pressure 

between the head and base of the third metatarsal would predict greater peak values of plantar  

stress, dorsal stress, and midshaft bending moments. 
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CHAPTER TWO 

REVIEW OF RELATED LITERATURE 

Running and Injury Incidence 

Running is a popular activity enjoyed by people of all ages. In the United States, 

somewhere between 40 to 60 million people regularly participate in running activities.1,2 Reasons 

for participation can include competitive sport, leisure, or general health and fitness.3 Running is 

associated with numerous physical and mental health benefits including improved cardiovascular 

health and overall longevity.4,5 However, running is also associated with a high incidence of 

overuse injury. Nearly half of all runners will experience a running related injury in a given 

year.6 Long-distance running can be especially burdensome with up to 79% of long-distance 

runners injured each year.7 The majority of running related injuries affect the lower extremity 

and of these injuries, 16% will be stress fractures.8 In particular, metatarsal stress fractures make 

up almost 9% of all running injuries,9 with 80-90% occurring in the second and third 

metatarsals.10 Stress fractures most often manifest as localized or “pinpoint” pain that increases 

with activity.11 Depending on the severity of injury, a person who has sustained a stress fracture 

could spend anywhere from 2-12 weeks non-weight bearing or in a walking boot and need 

physical therapy12. Not only can healthcare costs and lost training time be detrimental for an 

individual, but previous stress fracture injury is a significant risk factor for future stress fracture 

injury.13 
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Metatarsal Bones 

 The metatarsals are the long bones of the foot (Figure 1). Along with the tarsal bones, 

they help form the arch of the foot, providing structure and support and aiding in absorption and 

redistribution of forces. Additionally, the metatarsals act as origin and insertion points for many 

leg and foot muscles and act as the main weight bearing region of the forefoot.14 The foot 

consists of three different arches. The first, second, and third metatarsals, along with the 

cuneiform bones, navicular bone, and calcaneus, form the medial longitudinal arch. This arch is 

flexible and is the location of arch height measurement, a determinant of arch type and many 

foot-related pathologies.15 The lateral longitudinal arch is formed by the fourth and fifth 

metatarsals, cuboid, and calcaneus. This part of the longitudinal arch lies closer to the ground 

and is less flexible than the lateral portion.16 The bases of all five metatarsals help to make up the 

transverse arch. All three arches work together to quickly adapt to changes in terrain.  

 

 

 

 

 

 

Figure 1. Metatarsal Bones. (Public domain image. Labels added.) 
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 The first metatarsal is the shortest and thickest of the five bones and is typically 

subjected to the largest loads. The remaining four metatarsals are longer and much slimmer, with 

the second metatarsal being the longest. The first and fifth metatarsals are flexible, with a range 

of motion allowing them to move and adapt as the foot encounters uneven surface. The second, 

third, and fourth metatarsals are less flexible, instead acting more like rigid beams. Compared to 

the first and third metatarsals, the second metatarsal base is set more proximally in the foot. This 

allows the second metatarsal to lock into place with the middle cuneiform bone and become 

especially rigid during the propulsive phase of normal gait (the latter part of stance phase when 

weight is shifted to the front of the foot and forces begin to push the body forward). In this 

configuration, the second metatarsal can provide stability to the forefoot and transmit additional 

forces.14 However, less flexibility through the shaft makes the middle metatarsals more 

susceptible injury from bending stresses.9 

Stress Fracture Etiology and Bone Stress 

Stress fractures develop in response to repeated submaximal loading combined with a 

lack of proper recovery time.17 Loads applied to bone cause deformation which can result in 

microfractures, even at submaximal loads, while even further loading leads to decreased material 

stiffness and increased strain.17 Bone is a biologically active material that can act in response to 

mechanical loading demands. Microdamage, as a result of loading, is repaired through the bone 

remodeling cycle.18 When bone experiences stress induced microfractures, osteoclasts remove 

the damaged bone and osteoblasts lay down new cells, often leading to an increase in bone 

strength in that area (Figure 2).19 Bone is temporarily weakened during this cycle before being 

repaired and becoming stronger. However, this cycle does not always have time to complete. 
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Repetitive submaximal loading that occurs too quickly without proper recovery time for the 

cycle to complete can lead to material failure, causing injuries such as stress fractures.17 

 

 

 

 

 

 

 

Figure 2. A depiction of the bone remodeling cycle.19 

The theoretical amount of repetitive loading that can be endured before failure is highly 

dependent on the injury threshold of the material (Figure 3). The actual amount of loading that 

can be endured is dependent on material properties and the amount of load being placed on the 

structure. Stress fractures most often occur within cortical bone.20 Cortical bone is compact and 

dense, forming the protective outer layer of bone. It is made of collagen fibers organized into a 

lamellar structure and less metabolically active than trabecular bone.21 While it can be hard to 

identify an exact yield point for cortical bone, cortical bone is stronger in compression than in 

tension and a yield strain ratio between compression and tension has been previously 

suggested.22 When cortical bone is in tension, fractures happen very quickly once the ultimate 

yield point is passed. 
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Figure 3. A theoretical injury threshold for overuse injuries. The frequency of load and the 
magnitude of stress will determine whether there is risk of injury or not. Image adapted from 
Ferber et al.73 

Stress Fracture Risk Factors 

Stress fractures are increasingly common injuries in the general population, and even 

more so in athletic populations. Up to 20% of visits to sports medicine doctors are concerning 

stress fractures.23 Despite their prevalence, the exact cause of stress fracture injuries can be 

difficult to pinpoint. The origin of most stress fractures is multifactorial, and a number of risk 

factors have been discussed in the literature. While most stress fractures arise from multiple 

causes, development can be related to anatomy, physiology, and biomechanical factors.9 

Anatomical Risk Factors 

 Certain anatomical characteristics of the foot are considered risk factors for increased 

stress fracture risk. Anatomical risk factors are attributes that are typically nonmodifiable 

without intervention and contribute to injury risk by changing how forces are transmitted through 

the foot. Both pes planus, commonly known as flat foot deformity, and pes cavus, a high arch 
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deformity, have been shown to increase metatarsal stress fracture risk. Exhibiting increased 

hindfoot eversion or forefoot varus during normal stance have also been identified as risk 

factors.24 Metatarsal adductus, where the distal ends of the metatarsal bones deviate inwards, can 

also influence injury risk because of how the deformity causes loads to distribute across the 

foot.25 Discrepancies in leg length have also been identified as risk factors for unilateral stress 

fracture risk.9 Lack of joint range of motion and tight muscles can also increase injury risk, 

although these anatomical risk factors are potentially modifiable. Having low bone mineral 

density (BMD) affect the strength of bones and the amount of forces bones can withstand before 

reaching a point of failure.13 Low BMD is often categorized as an anatomical risk factor because 

it affects the mechanical properties of bone but is often caused by physiological traits as 

discussed below. 

Physiological Risk Factors 

 Physiological risk factors for stress fracture often relate to internal processes and nutrient 

availability. Bone remodeling that happens either too quickly or too slowly have been suggested 

as risk factors. A fast-remodeling cycle means that damaged bone may be absorbed before new 

bone is formed, while a slow remodeling cycle would not be able to keep up with the bone 

maintenance required to prevent injury during normal loading. Studies have shown that those 

who develop stress fracture have elevated biomarkers suggesting increased bone turnover, 

although this has not been established as a reliable method of determining bone remodeling 

rate.13  

Sex is a risk factor for stress fracture, with the injury being more common in females.26 

Low BMD is more often seen in females, and along with low energy availability and 
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amenorrhea, make up the female athlete triad.27 Exhibiting any of the three components of the 

triad significantly increases chances of developing a stress fracture. Low body mass index and 

increasing age are also risk factors, most likely due to lack of nutrients and decreases in estrogen 

levels.26 Additionally, having a prior stress fracture is a risk factor for women. In one study, 

female runners with prior stress fracture were six times more likely to develop a subsequent 

stress fracture compared to those who had not had a stress injury.28  

Lack of nutrients are contributors to risk of stress fracture development. Studies have 

suggested that adequate intake of both vitamin D and calcium are associated with a decreased 

injury risk, potentially because these nutrients are associated with adequate BMD.9 Additionally, 

women who had previously had an eating disorder were five time more likely to develop a stress 

fracture, indicating the importance of proper nutrition in stress fracture prevention.29 

Extrinsic and Biomechanical Risk Factors 

 Extrinsic stress fracture risk in runners mainly includes training conditions. Running on 

hard surfaces, such as concrete, may increase risk. However, running on softer surface can cause 

muscle fatigue more quickly, which could affect load distribution.13 Footwear choice is also 

influential. Military recruits are more susceptible to third metatarsal stress fractures when 

training in combat boots rather than running shoes potentially due to increased ankle stiffness in 

the combat boot.30 Different running shoes have been shown to have different center of pressure 

trajectories and pressure distributions and traditional shoes have decreased peak pressures 

compared to minimalist shoes.31 Similarly, the use of insoles can alter loading parameters and 

influence stress fracture risk.13 Changes in training program that increase bone loading, such as a 

sudden increase in mileage, can be detrimental for injury risk. In fact, over 80% of surveyed 
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athletes that were recovering from a stress fracture identified either an increase in intensity or a 

new training protocol in the time directly before their injury.13 Larger weekly mileages have also 

been identified as a risk, with people running over 20 miles per week at a greater risk of 

suffering a lower extremity over use injury.32 Finally, running gait abnormalities can increases 

the likelihood of experiencing a stress fracture. Characteristics of running gait such as increased 

peak rearfoot eversion, contralateral pelvic drop, and increased knee internal rotation during the 

flight phase have all been suggested as potential contributing factors to stress fracture risk.13,33 

Abnormal loading can also be an issue and increased vertical loading rate is thought to be a risk 

factor for stress injuries. Running gait abnormalities can often be identified during a running gait 

analysis and remedied to prevent stress fractures or other overuse injuries. 

Methods of Measuring Bone Stress 

 Calculating bone stress can be done in a myriad of different ways but can be summarized 

into two main categories: indirect and direct measurements. Direct measurements include in vivo 

and in vitro testing using either live human participants or cadaver bones. These methods are 

highly invasive and generally difficult to perform,34 but offer the most accurate depiction of bone 

loading.35 Indirect measurement utilizes mathematical models that incorporate techniques such 

as finite element analysis and models based off beam theory. While not invasive, mathematical 

models require simplifications that may affect the accuracy of bone loading estimates.35 

In Vivo Direct Measurements 

 In vivo direct measurements are the gold standard of calculating bone stress.35 Most 

commonly, these require surgical implantation of a strain gauge directly into the bone and 
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application of a substance to adhere the device. The gauge then measures changes in resistance 

when forces are applied to the bone, either causing contraction or elongation of the tissue.36 Of 

the four current studies that have performed in vivo measurements on the foot, three took place 

in the second metatarsal.37–39 When looking at walking, jogging, and jumping, Milgrom et al. 

found that compressive strains in the second metatarsal were greater than in the medial tibia and 

that measured metatarsal compressive and tensile strains were withing normal ranges for 

physiological loading, except for tensile strain during jumping, which was categorized as 

overloading the tissue.39 Arndt et al., found increased compressive strain was seen when walking 

barefoot with a weighted backpack and in a fatigued state, compared to without weight and in an 

unfatigued state.37 The same authors found that different shoe conditions changed dorsal tensile 

strains during walking.38  

Despite being the gold standard for bone stress measurement, in vivo strain gauge 

techniques have many drawbacks, the largest being that this method requires a surgical operation 

to implant the measurement device directly into the bone. Not only is this highly invasive, but it 

is also difficult to recruit participants and due to time and resources, cannot feasibly be used in 

studies with large numbers of subjects. Current studies using this method all involve 10 

participants or less.40 Further, use of surgical implantation of devices can only be done on easily 

accessible, superficial bones, making this impractical for testing on the majority of human bones. 

The three strain gauge studies mentioned above only measured strains on the dorsal side of the 

second metatarsal due to the impossibility of implanting a device on the plantar side of the 

bone.37–39 As of 2012, in vivo bone stress measurements had only been performed on seven 

bones in the body.35 
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Cadaver Models 

Cadaver specimens are often used for investigating causes of illness and practicing 

surgical techniques but can be used to test mechanical properties of various tissues, including 

bone.41 Cadaver specimens have been used to determine point of material failure and location of 

failure in the metatarsals.42 Use of cadaver feet have also been used to measure metatarsal stress 

under dynamic scenarios. Walking performed with a gait simulator has shown that cadaveric 

second metatarsals equipped with strain gauges have much larger peak strains than fifth 

metatarsals, and second metatarsal strain increases significantly with the introduction of 

simulated muscle fatigue.43 Similar methods that are used in vivo can be used on cadaver bones 

but are much less invasive than when used on a live participant. However, bone is not an isolated 

tissue and removing a bone from its environment can eliminate the effects that surrounding 

tissues have on the mechanical properties of bone.  

Finite Element Analysis 

 One common method of indirect stress measurement is finite element (FE) analysis. 

Finite element analysis is used to model objects or materials under a set of conditions using 

mathematical equations to predict the response of that object. This method has been used to 

model behavior of bone since the 1970’s.44 Unlike the use of in vivo methods that measure strain 

at a specific spot, FE models can simulate stress distribution across a bone, as well as the effects 

of surrounding tissues, which gives more useful information about the effects of external loading 

on the bone as a whole. Finite element analysis has been used in numerous studies to determine 

the response of the metatarsals to injury. When looking at patients with hallux valgus (a 

condition where the first phalanx deviates laterally while the 1st metatarsal deviates medially) FE 
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models show increased concentrations of stress in the metatarsals of pathological patients 

compared to those without the deformity.45 In another study, foot shape and posture were 

analyzed in patients recovering from fifth metatarsal stress fractures. It was found that eversion 

and dorsiflexion of the foot caused greater strains within the fracture compared to normal 

stance.46 Additionally, FE analysis has been used to look at metatarsal stresses during walking 

and running. When running in minimalist style footwear, FE models have shown that increases 

in stress in the metatarsals corresponds with increases in external loads, and that the metatarsals 

are more than capable of withstanding loads 2.5 times body weight underneath the metatarsal 

area.47 Finite element analysis does have downsides as it can be computationally costly and in 

order to develop FE models, thorough imaging needs to be performed to understand the 

geometry of the desired object. With bone, this is typically done using computer tomography 

(CT), magnetic resonance imaging (MRI), or bone mineral density (BMD) scans, which can be 

expensive to perform.44 Because of this, many studies using FE analysis have a small sample 

size. 

Beam Theory Model 

In 1979, Stokes et al. proposed a mathematical model of the metatarsals based on beam 

theory in an effort to relate the external forces acting on the metatarsals with the internal loads 

experienced by the metatarsals.48 The metatarsal bones are modelled as hollow ellipses and beam 

theory is used to explain behavior of the bone in response to bending loads.49 Calculated stresses 

act at a single point at the midpoint of the metatarsal shaft. Many studies have used beam theory 

to model long bones as a less computationally exhaustive alternative to FE analysis.50,51 The use 

of beam theory to model the metatarsals makes many assumptions including simplifying the 
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geometry of the metatarsal bones making it less accurate than other modeling techniques and 

sometimes prone to overprediction of dependent variables.52,53 Despite this, beam theory has 

been suggested as an appropriate method of estimating bone stresses when comparing relative 

values between conditions.51,54  

The model first proposed by Stokes et al. was used to calculate axial forces, shear forces, 

and bending moments during barefoot walking gait.48 Building off this model, Gross & Bunch 

calculated similar variables during shod running.55 Finally, Ellison et al. adapted the model to 

calculate compressive stress, tensile stress, and midshaft bending moments of the third metatarsal 

during barefoot running (Figure 3).54 This was the first model of the metatarsals based on beam 

theory to incorporate subject-specific geometry in an effort to account for the non-homogeneity 

of the metatarsal.    

 

 

 

 

 

 

 

Figure 4. A mathematical model of the metatarsals based on beam theory that can be used to find 
stresses and bending moments acting at the midpoint of the metatarsal shaft. Adapted from 
Ellison et al. (2020).54 

While incorporating components from each iteration of the model, the current work 

mainly uses the equations and assumptions made by Ellison and colleagues, described here.54 
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The lower radius of the metatarsal head (𝑟𝑟1), length of the toe (lt), ground reaction forces beneath 

the toe in the vertical direction (𝐹𝐹𝑡𝑡𝑡𝑡), and the distance from the bottom of the metatarsal head to 

the attachment site of the plantar tendon (𝜀𝜀) are used to calculate the force from the plantar 

tendon (P):  

𝐹𝐹𝑡𝑡𝑡𝑡𝑙𝑙𝑡𝑡 = 𝑃𝑃(𝜀𝜀 + 𝑟𝑟1) 

Ground reaction forces beneath the toe are then used to calculate joint reaction forces at the 

metatarsophalangeal joint (𝐹𝐹𝑗𝑗): 

𝐹𝐹𝑡𝑡 + 𝐹𝐹𝑗𝑗 + 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 0 

where θ is the angle of the plantar tendon relative to horizontal. Axial (𝐹𝐹𝑎𝑎𝑎𝑎) and shear (𝐹𝐹𝑠𝑠ℎ) 

forces acting on the metatarsal shaft are then calculated using the joint reaction force at the 

metatarsophalangeal joint and ground reaction forces acting beneath the head of the metatarsal 

(𝐹𝐹𝑚𝑚) in the anterior-posterior (𝑦𝑦) and vertical (𝑧𝑧) directions:  

𝐹𝐹𝑎𝑎𝑎𝑎 = 𝐹𝐹𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐹𝐹𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐹𝐹𝑗𝑗𝑗𝑗𝑐𝑐𝑜𝑜𝑠𝑠𝑠𝑠 − 𝐹𝐹𝑗𝑗𝑗𝑗𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

𝐹𝐹𝑠𝑠ℎ = 𝐹𝐹𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐹𝐹𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐹𝐹𝑗𝑗𝑗𝑗𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝐹𝐹𝑗𝑗𝑗𝑗𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

Midshaft bending moments (Mbe) were then calculated using: 

𝑀𝑀𝑏𝑏𝑏𝑏 = �
𝑙𝑙𝑚𝑚 − 𝑟𝑟2

2
� �𝐹𝐹𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐹𝐹𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐹𝐹𝑗𝑗𝑗𝑗𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝐹𝐹𝑗𝑗𝑗𝑗𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠� 

where 𝑙𝑙𝑚𝑚 is the length of the metatarsal, 𝑟𝑟2 is the upper radius of the metatarsal head, 𝐹𝐹𝑚𝑚 is the 

force beneath the metatarsal head, 𝐹𝐹𝑗𝑗 is the joint reaction force at the metatarsophalangeal joint, 

and 𝛼𝛼 is the angle between the metatarsal and the floor. From here, axial stress (𝜎𝜎𝑎𝑎𝑎𝑎) and bending 

stress (𝜎𝜎𝑏𝑏𝑏𝑏) can be solved for: 

𝜎𝜎𝑎𝑎𝑎𝑎 =
𝐹𝐹𝑎𝑎𝑎𝑎
𝐶𝐶𝐶𝐶𝐶𝐶

        𝜎𝜎𝑏𝑏𝑏𝑏 =
𝑀𝑀𝑏𝑏𝑏𝑏𝑟𝑟
𝐼𝐼
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where CSA is the cross-sectional area of the midpoint of the metatarsal shaft, and I is the moment 

of inertia about the bone cross section. Axial and bending stresses can then be used to estimate 

dorsal and plantar stresses: 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠: 𝜎𝜎𝑑𝑑 =  𝜎𝜎𝑎𝑎𝑎𝑎 + 𝜎𝜎𝑏𝑏𝑏𝑏 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠: 𝜎𝜎𝑝𝑝 =  𝜎𝜎𝑎𝑎𝑎𝑎 − 𝜎𝜎𝑏𝑏𝑏𝑏 

Ellison et al. described a number of model assumptions adopted from those made by 

Stokes et al. that were made to simplify the model. These include assuming that the plantar 

flexors share equal distribution of forces and act at a single point on the metatarsal bone, dorsal 

flexor contribution is negligible, kinetics and kinematics in the mediolateral direction are 

negligible, segment masses are negligible, the toe is a single segment, and the toe segment is 

perfectly parallel to the ground throughout contact.48,54 Model assumptions such as these are 

necessary when calculating bone loading parameters using a mathematical model based on beam 

theory. However, oversimplification of a model can cause inaccurate calculations.35 Diminishing 

muscle contributions by simplifying the plantar flexors into one muscle and disregarding 

extensor muscles may provide inaccurate results because contractile muscle forces are often the 

largest force acting on bone.56 

Measuring Bone Stress in a Clinical Setting 

In-clinic running gait analysis has been shown to be beneficial for minimizing injury risk 

and recovering from injury.57 Availability of wearable sensors and applications to analyze 

kinematic and kinetic variables are increasingly affordable and available, making in-clinic gait 

analysis more accessible than ever.58,59 Quantifying metatarsal bone stress in a clinical setting 

may be beneficial in identifying a patient’s risk for bone stress injury. However, while numerous 
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techniques for calculating metatarsal bone stress exist, none are practical for clinical use.54,60 The 

previously mentioned methods all require expensive equipment, time to analyze data, and 

expertise in various data collection and analysis techniques, none of which are typically available 

in a physical therapy or orthopedic clinic.61,62  Previous studies have suggested that a greater 

difference in pressure between the head and the base of the metatarsal is predictive of a greater 

metatarsal loading.63 If true, this could provide a quick and inexpensive method of quantifying 

bone stress in a clinical setting while only requiring a pressure mat and software.  

Metatarsal Stress during Running 

 Reported measures of bone stress during running vary greatly depending on methodology 

used. Although not representative of the average runner, many studies using indirect methods of 

measurement are performed barefoot in order to use marker sets appropriate for capturing 

accurate multi-segment foot kinematics.64 Comparison between barefoot rearfoot and non-

rearfoot strikers using a subject-specific beam theory model showed increased midshaft peak 

bending moments in the second metatarsal of the non-rearfoot group, but no differences in peak 

plantar or dorsal stresses.54 However, peak stresses were reported to be higher than the point of 

failure for cortical bone. A study using a similar model without subject-specific geometry on 

shod runners reported far lower peak metatarsal stresses yet similar bending moments,55 

highlighting the differences that using subject specific models can make. Comparisons of all 

reported values of metatarsal loads estimated using indirect measurements were far greater than 

those reported by Milgrom et al. who utilized direct in vivo strain measurements during barefoot 

running.39  
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 Studies have also looked at the effect of footwear choice on metatarsal stress while 

running. When looking at metatarsal stress while running in different shoe types and at different 

stride lengths, FE models showed increased metatarsal strains and likelihood of failure in the 

second through fourth metatarsals when running in a minimalist shoe compared to a traditional 

shoe.65 Additionally, decreasing stride length by 10% decreased fourth metatarsal strain. This 

suggests that switching to a minimalist shoe when used to a traditional shoe may be an injury 

risk. 

Metatarsal Stress and Long-Distance Running 

 Long-distance runners are at a higher risk of bone stress injury; however, little is known 

regarding how metatarsal bone stress is affected by long-distance runs. Most current studies 

looking at kinetics during long run distances have focused on external loads. In general, studies 

looking at loading beneath the foot using plantar pressure measurements have seen increases in 

forefoot loading. Following a 20 km run at a self-selected pace, runners experienced increased 

peak and mean forces beneath the second, third, and fourth metatarsals, as well as a decrease in 

peak and mean force beneath the second through fourth toes.66 Similarly, when looking at 

barefoot plantar pressure measurements before and after a marathon distance run, Nagel et al. 

saw a shift in peak pressure from beneath the toes to beneath the second through fourth 

metatarsals post run.67 This pattern seems to stay consistent in even longer distance runs. After 

completion of a 246 km ultra-distance race, runners exhibited increased peak pressures beneath 

all five metatarsals and decreased peak pressures beneath all five toes.68 The same shift in 

loading can also be seen during a shorter distance run at 80% of maximal effort,69 although a 

distance run at near maximal effort is not common for most distance runners.70 Decreases in 
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loading beneath the toe region are thought to be caused by fatigue in the toe flexor muscles. With 

less assistance from the toes,67 the metatarsal region may need to apply more load to achieve the 

same push off result as when not fatigued. However, after completion of a 10km run, plantar 

pressure measurements showed no differences in pressure or force beneath the forefoot or toe 

region. Instead, the only change seen was a decrease in maximum force across the foot as a 

whole.71 This study involved a shorter, non-exhaustive run than the other studies and may not 

have been long enough to see the same effects of fatigue. Additionally, the participants ran at a 

slower pace than normal potentially making this a less difficult and fatiguing run. In the absence 

of metatarsal bone stress estimates during long runs, many of the above studies have suggested 

that external loads might be indicative of internal loading patterns. However, other studies have 

suggested that this may not be the case. Short distance running trials have suggested that ground 

reactions forces and loading metrics are not necessarily indicative of metatarsal or tibial loading 

patterns.54,72 Further research needs to be done to understand whether metatarsal bone stresses 

and bending moments increase a similar pattern as external loading parameters after a long-

distance run. 

Summary 

 Metatarsal stress fractures are common running-related overuse injuries. Stress fracture 

development is a result of repetitive, submaximal loading combined with an insufficient amount 

of recovery time for the bone remodeling cycle to take place. A large number of potential risk 

factors make the exact circumstances of stress fracture development difficult to determine. For 

runners, the high magnitude, high volume loading experienced during a run can be part of the 

cause and those who run farther distances experience even larger load volumes. While metatarsal 
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bone stress has been looked at during short distance, in different shoe types, and between 

different foot strike patterns, it is still unclear how metatarsal loads change after the completion 

of a long-distance run. Unfortunately, it can be quite difficult to determine the amount of 

metatarsal stress being experienced during a run. Methods for measuring bone stress include 

direct methods such as in vivo measurements on live participants using strain gauges and the use 

of similar instruments and dynamic movement simulators on cadaver specimens. Mathematical 

models can provide less invasive estimates of bone stress; however, they are still time and 

resource intensive. A quick, easy method for determining bone stress could be beneficial in 

determining injury risk in a clinical setting. The use of plantar pressure measurements as a 

surrogate measure of bone stress has potential of being a useful clinical tool. Therefore, the 

following thesis will attempt to characterize changes in metatarsal bone load after a long-

distance run and investigate a potentially feasible method of estimating internal metatarsal bone 

loads using external measures. 
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Abstract 

Metatarsal stress fractures make up almost 9% of all running injuries and long-distance 

runners who experience greater volumes of bone loading may be at a higher risk for developing 

stress fracture injuries. While the influence of footwear and footstrike pattern on metatarsal 

loading have been previously reported, it remains unclear how run duration influences metatarsal 

loads. PURPOSE: To compare changes in metatarsal bone loading parameters at the beginning 

and end of a long-distance run. METHODS: Nineteen long-distance runners (12 female; 

21.57±3.53 years; 70.01±10.79 kg) ran a distance equivalent to 25% of their weekly mileage on 

an instrumented treadmill at a self-selected pace. Whole body kinematics, ground reaction 

forces, and in-shoe plantar pressures were recorded pre and post long run. Plantar and dorsal 

stresses, and midshaft bending moments were calculated using a musculoskeletal model of the 

metatarsals. Paired t-tests were used to compare mean peak loads between pre and post long run. 

RESULTS: Post run, peak plantar stresses increased 8% in the second (p < 0.001, d = 0.25) and 

third (p < 0.001, d = 0.18) metatarsals. Peak dorsal stresses increased 5% in the second (p = 

0.040, d = 0.16) and 6% in the third (p = 0.017, d = 0.13) metatarsals. Peak midshaft bending 

moments increased 8% in the second (p < 0.001, d = 0.25) and 7% in the third (p < 0.001, d = 

0.18) metatarsals. CONCLUSION: A non-exhaustive long run can increase metatarsal bone 

loading parameters in the second and third metatarsals, potentially increasing injury risk. 
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Introduction  

Running is a popular activity with around 50 million participants in the United States.16 

Although running is associated with numerous health benefits, overuse injuries are common and 

nearly half of all runners will experience a running related injury in a given year.16,35  Stress 

fracture injuries are particularly common and make up nearly 16% of all running injuries, with 

9% of these affecting the metatarsals.9,33 While stress fracture etiology is multifactorial and can 

be influenced by anatomical and physiological factors, mechanical factors such as increased 

bone loading without proper recovery time are a large contributor to injury risk.36  

Running is a high load, high volume activity making it an ideal activity for stress fracture 

development. Runners experience repetitive gait cycles with forces up to three times greater than 

their body weight at each foot contact.7 This magnitude and volume of loading, combined with a 

lack of recovery time, can lead to a disruption of the bone remodeling cycle and push a bone past 

its injury threshold, contributing to stress fracture risk.46. This can be especially concerning for 

long-distance runners who experience far greater load volumes during a standard run than those 

who run shorter distances. Long-distance runners are particularly prone to injury with up to 79% 

of distance runners experiencing a running related injury each year,19 and those who run more 

than 20 miles per week are considered at a greater risk of lower extremity injury.26 While 

incidence of metatarsal stress fractures remains around 8-9% regardless of run duration,3 the 

amount of total stress fractures in distance runners increases to 31% all of running-related 

injuries,28 suggesting a relatively larger number of metatarsal stress fractures compared to those 

who run shorter distances.  
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The increased injury incidence in long distance runners may be due to the altered loading 

patterns occurring following long-distance runs.34,51 Following a 20 km run there are increases in 

peak force beneath the second, third, and fourth metatarsals and decreases in peak forces under 

the rearfoot and toe.49 Plantar pressure measurements taken post marathon also show a transfer 

of loading from beneath the toes to beneath the metatarsal heads with no differences in rearfoot 

loading compared to the beginning of the run.37 Following an exhaustive run above anaerobic 

threshold, forces and peak plantar pressure increase beneath the metatarsal and toe regions.48 

Lastly, increases in peak pressure beneath the second and third metatarsal and first toe, and 

decreases in rearfoot pressure have also been seen following a 30 minute run at 80% of maximal 

aerobic speed.5  

Despite consistently reporting an increase in overall forefoot loading after a long run, 

studies disagree on which specific regions are affected, the magnitude of the changes, and the 

implications of the increases. One potential explanation for this disagreement is the wide 

variation in distances and intensities used for a “long run”, with some studies using runs as short 

as 3 km and others using runs greater than 200 km.27,48 Within this range, some studies include 

maximal effort runs or strenuous but submaximal runs to induce fatigue-related changes to gait. 

In contrast, protocols which evaluate changes in load following an easy run equivalent to 25% of 

weekly training volume may be more representative, as such easy paced long runs are a staple 

part of many runners training programs.40 

Furthermore, while several studies have suggested that increased forefoot loading after a 

long run may be indicative of greater bone stress and increased injury risk,39,45,52 it is unclear 

whether actual stresses experienced by the metatarsals follow the same pattern. Some authors 
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have suggested that ground reaction forces and plantar pressures measured during running may 

not be representative of internal loading in the bones.15,32 Thus, whether changes in external 

loading following a long run results in increased metatarsal bone stress remains an unanswered 

question. Given this gap in knowledge, the purpose of this study was to characterize changes in 

metatarsal bone stress before and after a non-exhaustive long-distance run using a mathematical 

model of the metatarsals. We hypothesized that peak plantar stress, dorsal stress, and midshaft 

bending moments would be greater at the completion of the run and that increases in bone 

loading post run would be greatest in the second and third metatarsals.  

Methods 

Participants 

 Twenty-one long-distance runners participated in this study (sex: 14F, 7M; age: 22.76 ± 

2.14 years; height: 1.74 ± 0.71 m; mass: 69.21 ± 10.55 kg; average mileage: 29.81 ± 8.96 miles 

per week). Participants were recruited from local running clubs and the college community. 

Inclusion criteria included running at least 25 miles per week for the past three months while 

completing one long run per week consisting of at least 25% of the weekly mileage, being injury 

free at the time of testing with no injury in the previous six months, and no history of metatarsal 

stress fracture. Prior to participation, all participants provided written informed consent. All 

protocols in this study were approved by the University’s Institutional Review Board.  

Protocol 

  Following a five-minute warmup on an instrumented treadmill (Treadmetrix, Park City, 

UT) at a self-selected pace, participants ran at an easy training pace (2.83 ± 0.31 m/s) for a 
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distance equivalent to 25% of their average weekly mileage (7.10 ± 0.93 miles). Rather than 

completing an exhaustive run, this distance was chosen to better imitate the prolonged, 

submaximal effort runs that are commonly completed by long-distance runners.40 For the first 

five minutes of the run, participants ran in a neutral laboratory provided shoe (New Balance 

Fresh Foam 1080) equipped with plantar pressure insoles (Tekscan, Boston, MA). Due to the 

potential for pressure insoles to alter running mechanics over time,30 the majority of the run was 

completed in each participant’s own regular training shoes. For the final five minutes, 

participants switched back into laboratory provided shoes. Switching between shoes and 

equipment was done as quickly as possible to avoid any attenuation of fatigue-related changes to 

running gait (187.72 ± 37.69 seconds).21 

 Whole body kinematics were recorded during the final 30 seconds of the first and last 

five minutes of the run using a 6-camera motion capture system (Motion Analysis Corp., Santa 

Rosa, CA) sampling at 250 Hz. Ground reaction forces and plantar pressure measurements were 

recorded at 1000 Hz and 250 Hz, respectively. Plantar pressure insoles were trimmed to fit each 

participant’s provided shoe and adhered to the shoe insole. Insoles were made up of up to 960 

pressure sensels (depending on the trimmed size) with 3.9 sensels/cm2. Foot kinematics were 

quantified using a multi-segment foot model with reflective markers placed on the shoe on the 

head and base of the first and fifth metatarsals, head of the second metatarsal, and navicular 

tuberosity.4 Two markers were aligned vertically on the posterior heel with the top marker 

aligned horizontally with the second metatarsal marker, and a third marker was placed on the 

lateral aspect of the heel. Additional markers were placed on the anterior superior iliac spines, 

iliac crests, posterior superior iliac spines, medial and lateral femoral epicondyles, tibial 
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tuberosities and the medial and lateral malleoli. Clusters of four markers were placed on the 

lateral thigh and shank.   

Data Analysis 

Marker trajectories were tracked in Cortex software (Motion Analysis Corp, Rohnert 

Park, CA) where they were filtered with a zero-lag, lowpass Butterworth filter with a cutoff 

frequency of 8 Hz. Masks were applied to peak pressure footprints in the F-Scan Research 

software (Tekscan Inc., Boston MA) to determine peak pressure and normal force values under 

the metatarsal heads, as well as toe lengths. To measure metatarsal lengths, the distance between 

the fifth metatarsal head and base markers was calculated. This metatarsal length was measured 

because the head and the base of the fifth metatarsal are the easiest metatarsal landmarks to 

accurately locate through a shoe. This value was then scaled based on anthropometric 

measurements to estimate the length of the first, second, third, and fourth metatarsals.14  The 

orientation of the metatarsals relative to the floor was calculated using a YZX Cardan rotation 

sequence with the Y rotation corresponding to flexion/extension at the metatarsophalangeal joint. 

Plantar stresses, dorsal stresses and midshaft bending moments acting on the shaft of the 

metatarsals were calculated using a musculoskeletal model, described in detail elsewhere 15,20, 

and custom Matlab code (MathWorks, Natick, MA). In brief, the model uses beam theory to 

estimate metatarsal loads. Motion capture data was used to determine the angle of the metatarsals 

relative to their position during normal standing. Ground reaction forces beneath the toes and 

metatarsal heads were estimated using mask placements in F-Scan Research software and used to 

calculate joint reaction forces at the metatarsophalangeal joint. Along with previously reported 

estimates of metatarsal radii20,44, metatarsophalangeal joint reaction forces and metatarsal length 
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are then used to calculate axial forces, shear forces, and midshaft bending moments acting on the 

shaft of the metatarsal.  Finally, forces, bending moments, and previously reported estimates of 

metatarsal cross-sectional area20,44 are used to estimate the tensile and compressive stresses 

acting at the midpoint of the metatarsal shaft. Model assumptions include assuming the toe is one 

segment, that flexor muscles act a single point on the metatarsal, and kinetics and kinematics in 

the mediolateral direction and segment masses are negligible.15,20 Plantar stresses, dorsal stresses, 

and midshaft bending moments were normalized to 100% of stance phase of the gait cycle. 

Statistical Analysis 

Five gait cycles per participant were analyzed in both the pre and post run conditions. All 

variables were assessed for normality using Shapiro-Wilk tests. Paired t-tests were used to 

compare mean peak plantar stress, dorsal stress, and midshaft bending moment values between 

the beginning and end of the run for each metatarsal on the right foot while statistical parametric 

mapping was used to compare mean curves across stance phase.42 Cohen’s d effect sizes were 

reported to aid in interpretation of results. All statistical tests were performed using Statistical 

Package for the Social Sciences (SPSS, Version 25; IBM Corp., Armonk, NY) with significance 

levels set to p ≤ 0.05. 

Results 

Inspection of center of pressure trajectories revealed that eighteen of the original twenty-

one participants maintained their foot strike pattern throughout the duration of the run. 

Metatarsal loading may change with foot strike pattern,15,47 thus the final analysis was only 

performed using the 18 participants. Tests for normality indicated that all variables were  
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normally distributed (p > 0.05). Post run, peak plantar stresses increased 8% in the second (p < 

0.001, d = 0.25) and third (p < 0.001, d = 0.18) metatarsals. Peak dorsal stresses also increased 

5% in the second (p = 0.040, d = 0.16) and 6% in the third (p = 0.017, d = 0.13) metatarsals. 

Peak midshaft bending moments also increased 8% in the second (p < 0.001, d = 0.25) and 7% in 

the third (p < 0.001, d = 0.18) metatarsals after the run. There were no differences in any mean 

peak stresses or bending moments in the first, fourth, or fifth metatarsals (Figure 1). Vertical 

ground reaction forces (vGRF) beneath the second third, and fourth metatarsal heads, as well as 

total vGRF across all five metatarsals all increased from pre run to post run (Table 1). 

 

 

 

 

 

 

Table 1. Mean (± standard deviation) of vertical ground reaction forces (vGRF) beneath each 
metatarsal head pre and post run. *denotes statistical significance 

 

 

                      vGRF beneath the Met Heads (N) 
 Pre Post p d 
1st met 207.22 (± 67.34) 208.76 (± 61.58) 0.742 0.02 
2nd met 142.48 (± 50.45) 158.51 (± 51.40) < 0.001* 0.31 
3rd met 154.16 (± 60.78) 169.38 (± 63.85) <0.001* 0.24 
4th met 101.13 (± 34.84) 109.31 (± 35.70) 0.049* 0.23 
5th met 81.10 (± 23.38) 80.83 (± 24.03) 0.925 0.01 
Total 686.09 (± 183.29) 736.79 (± 174.57) <0.001* 0.23 
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Figure 1. Mean peak plantar stress, dorsal stress, and midshaft bending moment values for each 
of the five metatarsals. Blue represents pre long-distance run. Green represents post long-
distance run. Positive stress values indicate tension. Negative stress values indicate compressive 
stress. 
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Statistical parametric mapping revealed that post run, second metatarsal plantar stresses 

were greater during 42-82% (p < 0.001), dorsal stresses greater between 33-81% (p < 0.001), and 

midshaft bending moments greater between 36-41% (p < 0.001) and 46-81% (p < 0.001) of 

stance phase (Figure 2). In the third metatarsal, plantar stress, dorsal stress, and midshaft bending 

moments were all greater post run between 66-69% (p = 0.001) of stance phase. Third metatarsal 

plantar stresses were also greater post run between 54-58% (p < 0.001), dorsal stresses greater 

between 55-57% (p < 0.001), and midshaft bending moments greater between 55-58% (p < 

0.001) of stance phase. There were no differences in mean stresses or bending moments across 

time between pre and post run in any of the other metatarsals. Time of peak dorsal stress in the 

first metatarsal was greater post run (p = 0.042, d = 0.23). There were no other differences in 

time of peak plantar stress, dorsal stress, or midshaft bending moment during the stance phase of 

gait between pre and post run (Table 2).  

 



    
 

 

43 

 

   

   

A 

B 

Figure 2. Differences between plantar stress, dorsal stress, and midshaft bending moments pre (blue) and post (green) 
run for the 1st (A), 2nd (B), 3rd (C), 4th (D), and 5th (E) metatarsals. Red indicates areas of statistical difference between 
pre and post run (p <0.05). Positive stress values indicate tension. Negative stress values indicate compression. 
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Figure 2 continued. 



    
 

 

 

45    
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Figure 2 continued. 
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Table 2. Time of peak plantar stress, dorsal stress, and midshaft bending moments across stance 
phase (Mean ± standard deviation). * indicates statistical significance 

Discussion 

 The purpose of this study was to compare changes in metatarsal bone loading parameters 

before and after completion of a non-exhaustive, long-distance run using a mathematical model 

of the metatarsals. The main findings, in partial support of our hypothesis, were that peak plantar 

stress, dorsal stress, and midshaft bending moments increased following the long run. However, 

this was only true for the second and third metatarsals and there were no differences in peak 

plantar stress, dorsal stress, or midshaft bending moments in the first, fourth, or fifth metatarsals 

post run.  

 Pre run peak plantar stress, dorsal stress, and midshaft bending moment values are 

comparable with previously reported values, although direct comparisons between studies is 

difficult given methodological differences. While the pre-run values for peak plantar stress and 

dorsal stress in the second metatarsal from the current study are within one standard deviation of 

those reported by Ellison et al.,15 the peak midshaft bending moment values were substantially 

lower. Gross & Bunch20 reported larger peak stress values for all five meta

 Time of Peak Plantar Stress   
(% Stance) 

            Pre                    Post 

Time of Peak Dorsal Stress     
(% Stance) 

      Pre                     Post 

Time of Peak Midshaft Bending    
Moment (% Stance) 

            Pre              Post 
1st met 56.06 (± 5.44)   56.00 (± 5.67) 55.94 (± 5.50)   57.22 (± 6.19)* 56.33 (± 5.29)   56.67 (± 5.99) 
2nd met 57.17 (± 6.61)   57.56 (± 6.18) 57.11 (± 6.50)   57.11 (± 6.54) 57.17 (± 6.51)   57.11 (± 6.54) 
3rd met 55.56 (± 6.52)   56.94 (± 6.58) 55.56 (± 6.57)   56.89 (± 6.61) 55.61 (± 6.59)   56.94 (± 6.56) 
4th met 53.17 (± 6.93)   51.39 (± 9.91) 53.01 (± 6.92)   51.33 (± 9.91) 53.06 (± 6.92)   51.39 (± 9.91) 
5th met 43.56 (± 15.77) 45.17 (± 11.40) 43.56 (± 15.77) 44.50 (± 11.11) 43.56 (± 15.77) 45.17 (± 11.40) 
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tarsals and differences in midshaft bending moments compared to our results, including a 

negative first metatarsal midshaft bending moment and larger second and fifth metatarsal 

midshaft bending moments. Finally, Stokes et al.44 reported similar peak midshaft bending 

moment values for the second, fourth, and fifth metatarsals, but larger first metatarsal and 

smaller third metatarsal peak midshaft bending moment values than this study. Discrepancies in 

results are most likely due to differing methodologies. While the mathematical model of the 

metatarsals and calculations to solve for stresses and bending moments were similar across 

studies, the exact implementation and input parameters varied. Stokes et al.44 examined 

metatarsal loading during walking, which typically creates smaller loads, while the current study 

did so during running. Differences in gait mechanics between walking and running could explain 

differences in reported midshaft bending moment values. To calculate stress values, Ellison et 

al.15 incorporated subject-specific geometry into their model while our study used previously 

reported measurements of metatarsal length, radii, and cross-sectional area scaled by participant 

anthropometrics.14,20,44 This could account for the differences in second metatarsal midshaft 

bending moments as the equation is sensitive to the length and radius of the metatarsal head. 

Further, Ellison et al. analyzed barefoot running while the current study looked at shod running.  

 Further discrepancies in the model outputs could be due to the vGRF values used as 

inputs to the model. Ellison et al.15 and Stokes & Bunch44 both reported much larger forces 

beneath the second metatarsal head than those found in the current study. This may be because 

vGRF values reported by Ellison et al. were measured using a larger anatomical region beneath 

the second metatarsal,43 while this study used smaller anatomical regions that were similar in 

size to those described by Gross & Bunch.20 However, despite using similar sized anatomical 
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regions, Gross & Bunch reported higher force values beneath the metatarsals.20 This may be 

explained by their use of transducers beneath each region to measure force and reporting total 

ground reaction force while the current study used plantar pressure insoles to section out areas of 

force measured from a force plate and only reported the vertical component of the GRF. Further, 

even slight differences in boundary definitions of anatomical regions have been shown to affect 

pressure and force readings,41 suggesting that differing methodologies used to partition ground 

reaction forces from pressure footprints can yield different results.  Combined, these 

discrepancies in results between studies that use the same overall model but with differing 

executions of inputs support the recommendation by Ellison et al. that this method of calculating 

metatarsal bone loads may best be interpreted when comparing relative values within studies 

rather than absolutes,15 especially in the absence of subject-specific metatarsal geometry. 

 Several studies have described increases in plantar loading beneath the forefoot after the 

completion of long runs at various distances.1,29,37,49 The results of the current study support these 

findings, showing increases in vGRF beneath the second, third, and fourth metatarsals after a 

non-exhaustive long run. Many of these same studies have subsequently inferred that an increase 

in external load could translate to an increase in internal metatarsal bone loads, however this 

assumption may not apply to the first, fourth, or fifth metatarsals. Our results show that plantar 

stress, dorsal stress, and midshaft bending moments were only greater in the second and third 

metatarsals following a long-distance run that is equivalent to many runners’ weekly long run. 

Increases in bone load could signal a potential increase in injury risk, especially in the second 

and third metatarsals where 80-90% of all metatarsal stress fractures in runners occur.10 Greater 

susceptibility to stress fracture is due in part to smaller cross-sectional areas and larger 
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magnitudes of external load experienced during running gait in comparison to other 

metatarsals.20 During typical running gait, the middle forefoot beneath the second and third 

metatarsal heads experiences the highest loads compared to the medial and lateral forefoot.11 

Additionally, the largest increases in stress observed post run were in plantar values. During the 

stance phase of running gait, the plantar side of the bone is in tension and the dorsal side is in 

compression. Because cortical bone is weaker in tension than compression,24 a greater increase 

in plantar stress may be a further indicator of increased bone stress injury risk.    

 Statistical parametric analysis showed that in addition to peak values being different, 

bone loading measures in the second and third metatarsals were also different across certain time 

points during stance phase. In the second metatarsal plantar stress, dorsal stress, and midshaft 

bending moments were all greater post run during ~40-80% of stance phase. This time 

corresponds with much of the propulsive phase of running gait. The second metatarsal 

experiences the highest external loads and impulses in the forefoot during the propulsive phase 

potentially due to longer contact times compared to the other metatarsals.12 Contact times and 

forefoot loading are both known to increase with fatigue which could help explain the significant 

differences in second metatarsal loads pre and post run during this period. The second metatarsal 

also acts as a rigid lever during the propulsive portion of stance phase, whereas the other four 

metatarsals have more motion.8 While this does allow for more load to be transferred through the 

second metatarsal, the lack of flexibility compared to the other less rigid metatarsals may be a 

concern for injury risk. Additionally, plantar stress, dorsal stress, and midshaft bending moments 

in the third metatarsal were all greater post run between ~54-58% and 66-69% of stance phase. 

In both the second metatarsal and the third metatarsal, mean peak plantar stress, dorsal stress, 
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and midshaft bending moments occurred at time points where there were significant differences 

in loading pre and post run. Additionally, delayed medial forefoot loading has been suggested as 

an indicator of third metatarsal stress fracture risk most likely due to increased loading of the 

region beneath that metatarsal.13 The only significant change in time for mean peak loading 

parameters was seen in a later first metatarsal dorsal stress at post run, suggesting more time 

spent loading the lateral side of the foot, potentially as a result of fatigue. 

 Footstrike pattern was not explicitly controlled for in this study and participants used a 

mix of rearfoot strike (RFS) and non-rearfoot strike (NRFS) patterns, as determined by center of 

pressure trajectories from plantar pressure measurements. Eighteen of the twenty-one original 

participants maintained their chosen footstrike pattern throughout the duration of the run while 

the remaining three modified their footstrike from beginning to end and were therefore not 

included in the final data set. Evidence of changes to footstrike can be seen in total vGRF values 

beneath the metatarsal heads (Figure 3). While those who maintained their footstrike pattern saw 

increased forefoot loading at the completion of the run, those who changed footstrike pattern 

experienced decreases in vGRF as they migrated further back on their foot. Modifications in 

loading patterns at the onset of fatigue are not uncommon. Increases in forefoot loading due to 

shifts in load from beneath the toes to the forefoot region, especially in the second and third 

metatarsals,49 and decreases in rearfoot loading are often seen at the end of non-exhaustive long 

runs in runners who do not switch their foot strike pattern.1 However, studies reporting gait 

modifications in distance running indicate that changes in actual foot strike pattern are a less 

common phenomenon. Only 11% of runners modify their foot strike pattern, and most often 

change from NRFS to RFS as distance increases and fatigue sets in.6,22,23 Uniquely, the three 
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participants who displayed changing foot strike patterns were the only women in the study who 

consistently ran more than 30 miles per week at the time of data collection and had all 

participated in multiple ultra-distance races. It is possible that changing foot strike pattern in 

response to fatigue during an exhaustive race is a behavior that also translates to less exhaustive 

distance runs. Even then, the individualized responses were different across participants. While 

having a natural RFS, Subject 01 reported changing to a NRFS in recent years but tends to revert 

to a RFS when fatigued. Compared to the other two participants who changed foot strikes, 

Subject 01 did not have a large decrease in overall total vGRF. Instead, there was a shift in 

loading post run from beneath the first metatarsal to beneath the fifth metatarsal while the other 

three metatarsals remained similar between conditions. Subject 12 began the run with a NRFS 

and ended with a RFS. This could be a result of overstriding as the runner becomes more 

fatigued as increased step lengths have been seen at the end of long runs.18,50 Finally, subject 21 

began the run with a RFS but by the end of the run adopted a more pronounced RFS pattern, 

evidenced by a larger impact peak and lessened loading beneath the forefoot and toe region. Like 

Subject 12, overstriding due to fatigue may have impacted foot strike. While previous studies  

have compared between consistent footstrike patterns, these individualized responses suggest 

that further evaluation of changes in metatarsal bone loading in runners who switch between foot 

strike patterns over the course of a run is needed. 
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Figure 3.  Total vertical ground reaction forces beneath all five metatarsal heads pre and post run 
for the participants who maintained footstrike pattern throughout the run (A) and the participants 
who modified their footstrike pattern (B). 

There were several limitations should be considered when evaluating the results of this 

study. First, while the mathematical model of the metatarsals provides a noninvasive method to 

estimate metatarsal stresses, it does have limitations including a lack of subject-specific 

modelling. Structure of the metatarsal bones varies between individuals and using beam theory to 

model the bones is an oversimplification as metatarsal stresses and bending moments are highly 

susceptible to changes in geometry.38 The model also simplifies the musculature of the foot into 

one plantar flexor muscle and no extensors muscles, does not consider bone deformations, and 

does not consider the influence of shoe padding. Several studies have found that shoe type can 

affect distribution of ground reaction forces.2,31 While shoe type was controlled for in the current 

study, the results do not necessarily extend to footwear with different construction or amounts of 

cushioning. As discussed above, results of this study are best evaluated as relative changes pre 

and post long-distance run instead of as absolutes. Secondly, before collecting the post run data, 

A B 
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participants were required to stop running to switch into laboratory provided shoes and plantar 

pressure insoles before finishing the run. This process may have attenuated some of the fatigue-

related changes to running gait, however, participants resumed running well before the four 

minutes in which gait alterations are thought to dissipate.21 Finally, almost all participants were 

exclusively road and trail runners, and a long-distance treadmill run may not be indicative of 

stresses experienced during a long-distance road or trial run.17,25 

Conclusion 

 A long-distance run equivalent to many runners weekly long run increases plantar stress, 

dorsal stress, and midshaft bending moments in the second and third metatarsals. vGRF are also 

increased post run in the second, third, and fourth metatarsals. This may be detrimental as the 

second and third metatarsals are more susceptible to stress fracture in comparison to other 

metatarsals due to their slim shape and the amount of load experienced during a run.  
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Abstract 

Background: Metatarsal stress fractures make up almost 9% of all running-related overuse 

injuries. However, bone stresses are difficult to measure in clinical settings and external loads 

acting on the metatarsal bone may be a good surrogate measure. 

Purpose/Hypothesis: To determine whether pressure beneath the metatarsal head (MP), force 

beneath the metatarsal head (MF), or differences in pressure beneath the head and base of the 

third metatarsal (HBPD) are predictive of third metatarsal bone stress. We believe that greater 

external loads will be predictive of greater internal bone loads. 

Study Design: Cross-Sectional Study 

Methods: Seventeen collegiate cross-country athletes participated in this study. Participants ran 

barefoot across a force plate overlaid with a plantar pressure mat. Kinetics and multisegment foot 

kinematics were recorded. Masks applied to plantar pressure footprints returned peak pressure 

and force values underneath metatarsal heads and bases. Plantar stresses, dorsal stresses and 

midshaft bending moments acting on the shaft of the third metatarsal were calculated using a 

musculoskeletal model of the metatarsals. Simple and multiple linear regression analyses were 

used to analyze relationships between measures of external load and model outputs. 

Results: All simple and multiple linear regression models were predictive of third metatarsal 

bone stress (p < 0.001). A model with HBPD and MF as predictor variables was the best 

predictor of plantar stress, dorsal stress, and bending moments, accounting for 72.7%, 73.1%, 

and 73.0% of variance, respectively. A model with only HBPD as a predictor variable accounted 

for 61.7%, 61.8%, and 61.7% of variance when predicting plantar stress, dorsal stress, and 

bending moments. 
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Conclusion: Greater HBPD, peak MP, and peak MF are all predictors of greater third metatarsal 

plantar stress, dorsal stress, and midshaft bending moments. The best model includes HBPD and 

MF as predictor variables, and HBPD is the best single predictor of bone loads. 

Clinical Relevance: Runners with larger pressure differentials experience higher stresses in the 

third metatarsal during barefoot running. Simple pressure differential measurements could be 

used to identify injury risk in situations where gait analysis equipment necessary for calculating 

metatarsal bone stress is not readily available. 

Introduction 

 Though running is a popular activity, there is a high incidence of overuse injury with 

nearly half of all runners experiencing a running related injury each year.11 Stress fractures make 

up almost 16% of these injuries.8 An estimated 9% of running-related stress fractures will affect 

the metatarsal bones,20 with 80-90% occurring in the second and third metatarsals.9,20  

Stress fracture etiology is multifactorial, involving physiological, anatomical, and 

mechanical factors.31 One contributing mechanical mechanism is repetitive, high loading during 

weight bearing activities like running, where the stress applied to the metatarsals during each gait 

cycle causes repetitive strain. Over time, this repeated deformation results in microdamage 

within the bone.6 While some microdamage is a normal part of the cyclic remodeling process of 

bone and vital for proper tissue adaptation, accumulation of microdamage without proper 

recovery can lead to bone stress injury, and ultimately fracture.17 Runners who experience larger 

magnitudes of bone stress may be at a higher risk for developing injuries,4 and identifying large 

stresses could be helpful in preventing injury.  
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However, quantification of bone stress during movement may be difficult in clinical 

settings. In vivo direct measurement techniques using strain gauges and sensors implanted in or 

adhered to bone are the gold standard methods for accurately measuring bone stress. 2,21 But this 

is highly invasive, requiring surgery and anesthetic to place material directly into bone, and not 

conducive for most clinical environments.3,18 Indirect estimates of bone stress can be obtained 

using finite element models or mathematical models of the metatarsals.1,7,10,15 While far less 

invasive, these models can be costly from both computational requirements and equipment 

perspectives. In addition to technical expertise to run the models, most modelling requires inputs 

of kinematic and kinetic data collected using three-dimensional motion capture or force plates, 

tools which are not readily available in most clinical settings.10,14,18 Thus, existing methods of 

metatarsal bone stress modeling may not have clinical utility for injury risk assessment. 

 A solution to this problem would require use of methods that are clinically feasible in 

terms of being both time and cost effective. The use of plantar pressure mapping represents one 

possible solution. Plantar pressure mapping equipment is less costly than force plates or a motion 

capture set up, and likely within budget for many clinical settings. There are numerous examples 

in the literature where this technology has been used to assess large cohorts of individuals in 

short periods,23,32 showing this to be a time efficient method. Most commercially available 

pressure mapping software allows users to identify specific regions of interest quickly and 

reliably.5,35 Using this method to calculate pressures and forces under the metatarsal heads may 

be sufficient to identify individuals with higher bone stresses, and thus higher risk of injury.  

However, the most appropriate measures to quantify from a pressure mat remain unclear. 

Pressure differentials between the head and the base of the metatarsals have been suggested as 



64 
 
surrogate measures for bone stress.28  Alternatively, either peak pressures (MP) or peak forces 

under metatarsal heads (MF) may be better options. If head-base pressure differentials (HBPD), 

MP, MF, or a combination of the three are able to predict bending moments or dorsal and plantar 

stresses then this would alleviate the need for expensive equipment and complicated models to 

identify potential injury risk in clinical settings. Therefore, the aim of this study was to determine 

whether MP, MF, or HBPD during the stance phase of barefoot running gait predict plantar 

stress, dorsal bone stress, and bending moment in the third metatarsal. We hypothesize that both 

greater MP and MF and greater HBPD will predict higher stresses in the third metatarsal shaft. 

Methods  

Participants 

Seventeen collegiate cross-country athletes participated in this study (sex: 10 female, 7 

male, age: 20.0 ± 1.55 years, height: 1.75 ± 0.08 m, mass: 55.05 ± 5.52 kg). All participants were 

highly trained runners who ran at least 20 miles per week (mean: 61.43 ± 17.01 miles per week 

and 5.57 ± 1.27 years running experience).  Inclusion criteria included being injury free at the 

time of testing with no injury in the previous six months, and no history of metatarsal stress 

fracture. Prior to participation, all participants provided written informed consent. All protocols 

in this study were approved by the University’s Institutional Review Board. 

Protocol 

 After completing a five-minute treadmill warmup at a self-selected pace, participants ran 

barefoot across a force plate (AMTI, Watertown, MA) overlaid with a plantar pressure mat 

(Matscan, Tekscan Inc. Boston, MA; Figure 1). The plantar pressure mat was 50.8 by 49.9 cm 
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and contained 2,288 senses with a sensel density of 1.4 sensels per cm2 and maximum pressure 

resolution of 862 kPa. Participants completed as many trials as needed until three “good” trials 

were collected. A trial was considered “good” when the participant’s right foot landed in the 

center of the pressure mat with no visible alterations to their normal stride indicative of targeting 

the mat. Ground reaction forces and pressure measurements were simultaneously recorded at 

1000 Hz and 400 Hz, respectively. Whole body kinematics were recorded with a 10-camera 

motion capture system (Motion Analysis Corp., Rohnert Park, CA) sampling at 200 Hz. Foot 

kinematics were quantified using the Rizzoli multi-segment foot model 19. Reflective markers 

were placed on the hallux, and head and base of the first, second, fourth, and fifth metatarsals, 

navicular tuberosity, the posterior aspect, sustentaculum tali and peroneal trochlea of the 

calcaneus. Additional markers were placed on the sternum, seventh cervical vertebrae, and head, 

as well as bilaterally on the acromioclavicular joint, medial and lateral epicondyles of the 

humerus, styloid processes of the radius and ulna, anterior superior iliac spine, iliac crest, 

posterior superior iliac spine, medial and lateral femoral epicondyles, and the medial and lateral 

malleoli.  

 

 

 

 

 

Figure 1. Force plate overlaid with a plantar pressure mat. 
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Data Analysis 

 Marker trajectories were tracked in Cortex software (Motion Analysis Corp, Rohnert 

Park, CA) where they were filtered with a zero-lag, lowpass Butterworth filter with a cutoff 

frequency of 8 Hz. Markers placed on the head and base of the metatarsal were used to determine 

metatarsal length. Masks were applied to peak pressure footprints in the Matscan Research 

software (Tekscan Inc., Boston MA) to determine peak pressure and normal force values under 

the third metatarsal heads and bases, toes, as well as toe lengths. Pressure differentials were 

calculated by subtracting the pressure at the metatarsal base from the pressure at the metatarsal 

head. Force values beneath the toe and metatarsal head were estimated using the pressure 

measurements and square area of the region masks. The percentage of whole foot force 

contained in each region weas multiplied by ground reaction forces measured by the force plate 

to determine anterior-posterior and vertical ground reaction forces in each region.  Plantar 

stresses, dorsal stresses and midshaft bending moments acting on the shaft of the third metatarsal 

were calculated using a musculoskeletal model, described in detail elsewhere 10,14, and custom 

Matlab code (MathWorks, Natick, MA). In brief, the model uses beam theory to estimate 

metatarsal loads. Ground reaction forces under the toe were used to calculate joint reaction 

forces at the metatarsophalangeal joint. Along with ground reaction forces beneath the metatarsal 

head, metatarsal length, and previously reported estimates of metatarsal radii14,30, 

metatarsophalangeal joint reaction forces were then used to calculate axial forces, shear forces, 

and midshaft bending moments acting on the shaft of the metatarsal.  Finally, forces, bending 

moments, and previously reported estimates of metatarsal cross-sectional area14,30 were used to 

estimate the tensile and compressive stresses acting at the midpoint of the metatarsal shaft. 

Model assumptions include assuming the toe is one segment, that flexor muscles act a single 



67 
 
point on the metatarsal, and kinetics and kinematics in the mediolateral direction and segment 

masses are negligible.10,14  

Statistical Analysis 

Three right footprints from each participant were analyzed. All dependent variables were 

assessed for normality using Shapiro-Wilks tests. Plantar stress, dorsal stress, and midshaft 

bending moments from each trial were individually compared to HBPD, MP, and MF calculated 

from the corresponding footprint. Linear regressions were conducted for each comparison to 

determine if HBPD, MP, MF, or combinations of the three were predictive of plantar stress, 

dorsal stress, or midshaft bending moments in the third metatarsal. All statistical tests were 

performed using RStudio (Posit Software, Version 1.4.1717; Boston, MA) with significance 

levels set to p ≤ 0.05. 

Results  

 Four out of 51 trials were eliminated from analysis because the plantar pressure footprints 

were incomplete. Tests for normality indicated that all variables were normally distributed (p > 

0.05). Mean and standard deviations for critical model input parameters are shown in Table 1 

and all were within one standard deviation of previously reported values for these parameters.10,14 

All proposed simple and multiple linear regression models were predictive of plantar stress, 

dorsal stress, and midshaft bending moments (p < 0.001, Table 2). A model including MF and 

HBPD as predictor variables, and a second model including MP, MF, and HBPD were the 

greatest predictors of bone load. However, while lack of fit F-tests showed no differences 

between the two models, regression analysis showed that MP was not a significant predictor. 
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Table 1. Peak values (mean ± standard deviation). Negative stress represents compression. 
Positive stress represents tension. 

Table 2. p and R2 values for simple and multiple linear regression models with different 
combinations of predictor variables for plantar stress, dorsal stress, and midshaft bending 
moments.  

Discussion 

The purpose of this study was to determine whether peak pressure under the metatarsal 

head (MP), peak force under the metatarsal head (MF), difference in peak pressure between the 

head and base (HBPD), or a combination of the three predicts loading in the third metatarsal. In 

support of our hypothesis, runners with larger peak MP, peak MF, or HBPD experienced greater 

peak plantar and dorsal stresses, and midshaft bending moments on the shaft of the third 

metatarsal. The simplest model accounting for the most variance involved MF and HBPD as 

predictor variables, suggesting that force, and not pressure, is a more influential cause of 

             Variable Mean ± SD 
Peak HBPD (KPa) 227.66 ± 53.68 

Peak MP (KPa) 315.60 ± 61.52 

Peak Plantar Stress (MPa) 236.23 ± 57.82 

Peak Dorsal Stress (MPa)         -240.26 ± 58.28 

Peak MBM (Nm) 4.14 ± 1.01 

Peak MF (N)  165.04 ± 33.43 

Predictor Variables   Plantar Stress 
  P                   R2 

  Dorsal Stress 
   P                  R2 

Midshaft Bending Moment 
  P                   R2 

HBPD       < 0.001          0.617     < 0.001          0.618         < 0.001          0.617 

MP       < 0.001          0.466     < 0.001          0.468         < 0.001          0.468 

MF       < 0.001          0.514     < 0.001          0.519         < 0.001          0.516 

MP, MF       < 0.001          0.600     < 0.001          0.605         < 0.001          0.602 

HBPD, MP       < 0.001          0.604     < 0.001          0.605         < 0.001          0.606 

HBPD, MF       < 0.001          0.727     < 0.001          0.731         < 0.001          0.730 

HBPD, MP, MF       < 0.001          0.723     < 0.001          0.727         < 0.001          0.725 
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metatarsal bending. While these models accounted for the most variance, the use of two different 

metrics as a surrogate measure could be challenging. Using either HBPD or MF as a surrogate 

measure would be quick and less difficult to interpret, while still being a predictor of third 

metatarsal bone loads. 

Even though other studies have used this metatarsal model, direct comparison of results 

across studies is difficult due to subtle differences in model input parameters and model 

execution. For input parameters, peak pressure values underneath the third metatarsal head in the 

current study were smaller than those previously reported, most likely due to participants in the 

relatively smaller body mass of our study participants.27 For model execution, while our third 

metatarsal plantar and dorsal stresses were within one standard deviation of those reported by 

Ellison et al.,10 the midshaft bending moments were approximately 2.5 times smaller. This 

discrepancy may stem from which metatarsal is being modeled and use of subject specific 

metatarsal dimensions. Ellison et al. examined the second metatarsal which typically experiences 

greater bending moments than the third metatarsal.14,30 They also incorporated subject-specific 

geometry in their metatarsal model while the current study used a similar approach to that used 

by Gross & Bunch who modelled the metatarsals as a hollow ellipse and Stokes et al. who used 

cadaveric models and scaling factors based on participant height to estimate metatarsal radii and 

cross-sectional area to calculate bending moments.14,30 Our midshaft bending moments were 

similar to those reported by Gross & Bunch but larger than those reported by Stokes et al., most 

likely because values in that study were recorded during normal walking instead of running.14,30 

Finally, the current study, as well as the studies of Ellison et al., Gross and Bunch, and Stokes et 

al., all estimated metatarsal stress using a beam theory model. In all studies, the values reported 
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are approximately double those reported using strain gauges implanted in the actual bone.21 

Combined, these subtle discrepancies in model inputs and execution support the suggestion of, 

Ellison et al. that this method of estimating metatarsal stress is most appropriate when comparing 

relative values between conditions within a study rather than absolute values. 

The results of this study could have potential clinical benefits. Repetitive application of 

stresses or bending moments at high loads leads to increased strain on the bone and without 

sufficient recovery time can be one contributing factor to the development of bone stress 

injuries.17 Runners who experience abnormally large stresses within the metatarsal bone may be 

more susceptible to bone stress injuries and early identification of these larger stresses could be 

helpful in preventing injury. However, current methods of estimating metatarsal bone stress are 

not feasible in most clinical settings as they are either too invasive or require too much 

equipment and time.2,25 Based on results of the current study simple pressure differential 

measurements or force underneath the metatarsal head could be used as a screening tool for 

injury risk in situations where gait analysis equipment is not available, or modeling methods are 

not feasible. To gain useful information about patients’ bone loading during running gait, a 

clinician would need only a plantar pressure mat to calculate pressure measurements. However, 

in order to utilize HBPD as a practical method of injury risk assessment, thresholds of acceptable 

pressure values would need to be established. 

There are several considerations to be made when interpreting the results of this study. 

The second and third metatarsals are the most common site of stress fracture injury in runners.29  

This is likely due to larger amounts of bending load experienced during running combined with 

their slimmer shape when compared to the first metatarsal.12,30 This study only evaluated bone 
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loading in the third metatarsal because of constraints from the plantar pressure footprint. To 

calculate pressure differential, a mask must be placed on the head and base of the metatarsal but 

due to the shape of the average foot, the base of the second metatarsal does not always come in 

contact with the ground when running barefoot. In cases where the metatarsal base is not part of 

the footprint, the force beneath the metatarsal head could instead be used as a predictor of bone 

stress. This method could also be feasible for estimating bone load in the fifth metatarsal, a 

common site of stress fracture in athletic populations.16 However it is currently unclear whether 

larger HBPD are predictors of bone stress in the fifth metatarsal.  

Certain assumptions were used to simplify the mathematical model used in this study 

such as assuming the metatarsal bone could be represented as a cylindrical, hollow beam. 

Metatarsal shape varies between individuals and while some suggest that bone mineral density is 

a greater determinant of metatarsal failure,22 others have found metatarsal geometry also largely 

contributes to both the amount and distribution of stress experienced by the bone, including 

estimations of bending stresses in the third metatarsals.13,26 While the current study provides 

comparison of relative stresses across participants or conditions, incorporation of subject-specific 

metatarsal geometry into this mathematical model would be important for obtaining estimations 

of true bone stress values.10 However, the need to obtain imaging for subject specific geometry 

may limit the clinical utility of this approach. To properly observe kinematics of individual foot 

segments, participants in this study ran barefoot, a scenario that is uncommon for most runners. 

Several studies have looked at the differences in running mechanics between different footwear 

conditions. Running in minimalist shoes can increase strain rates leading to significant increases 

in probability of failure of the second, third, and fourth metatarsals when compared to running 
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the same distance in a traditional shoe.12 Barefoot running can also cause a flatter foot placement 

than shod running and change plantar pressure distribution,34 suggesting that while third 

metatarsal pressure differentials are a good predictor of bone stress during barefoot running, the 

relationship may differ during shod running and between shoe conditions.  

This study only evaluated plantar pressure and bone loading relationships after 

participants ran a short distance. The effects of fatigue during a long-distance run can change 

running gait and loading patterns. Along with changing step cadence and foot kinematics, both 

shorter graded exercise tests and longer marathon distance runs have been shown to increase 

plantar pressure distribution underneath the metatarsal region of the foot.24,33 Therefore, 

metatarsal pressure differentials at the beginning of a run may differ from differentials after 

fatigue has set in and may not appropriately predict metatarsal stress. Evaluation of the 

relationships reported in the current study under fatiguing conditions requires further 

investigation. Finally, participation in this study was limited to healthy runners. It is unclear if 

the relationship between pressure differential and bone stress still exists in participants with 

pathological gaits or a history of metatarsal stress injuries. This is an especially important area 

for future investigations to further reinforce the potential clinical applications of the stress 

modeling and estimation approaches described in the current study. 

Conclusion 

 Greater peak pressure differences between the head and base of the third metatarsal 

predicts greater plantar stress, dorsal stress, and midshaft bending moments acting on the 

metatarsal shaft in healthy cross-country runners. While a slightly weaker relationship, the peak 

force beneath just the metatarsal head is a similar predictor of metatarsal stress and could be 
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useful when pressure differentials cannot be calculated. This relationship may be clinically 

relevant as it could be a simple measurement for injury risk assessment that can be performed 

when gait analysis equipment is not readily available.  Future studies should determine if this 

relationship still exists in shod running, long-distance running, and in pathological populations, 

while incorporating subject-specific geometry into the metatarsal model to determine more 

accurate stress estimations.  
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CHAPTER FIVE 

DISCUSSION AND CONCLUSIONS 

 Metatarsal stress fractures are a common running-related overuse injury. Development of 

injury is multifactorial but due in part to repetitive loading without proper recovery time. Long-

distance runners are more susceptible to overuse injury most likely because they endure higher 

volumes of repetitive loading.1 Previous studies have observed increases in forefoot loading 

beneath the metatarsals after the completion of a long run.2 However, it is unclear whether 

metatarsal bone stress and bending moments follow the same pattern. Additionally, there is a 

lack of quick, efficient methods of estimating metatarsal bone stress. Measuring bone stress 

requires either highly invasive methods,3 or modeling that can be time and resource intensive.4 

Determining whether relationships exist between external loading parameters and internal 

stresses may be consequential in developing a clinically feasible method of estimating metatarsal 

bone stress and who may be at risk for injury. 

The purpose of Study 1 (Chapter Three) was to determine how completion of a long-

distance run affects plantar stress, dorsal stress, and midshaft bending moments in the 

metatarsals. Participants ran a distance equivalent to 25% of their average weekly mileage. 

Rather than a completely exhaustive run, this distance was chosen in an effort to better replicate 

the length of a runner’s typical weekly long run.5 Results showed that peak plantar stress, peak 

dorsal stress, and peak bending moments were all greater in the second and third metatarsals 

following the run. Vertical ground reaction forces (vGRF) underneath the metatarsals were 

increased after the run. Specifically, vGRF was greater beneath the second, third, and fourth 

metatarsal heads. Post run, stresses and bending moments in the second metatarsal were 
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significantly greater between ~40-80% of the stance phase of gait, while stresses and bending 

moments were significantly greater in the third metatarsal between ~55-58% and 66-69% of 

stance phase. Additionally, the time of peak dorsal stress was later following the run than at the 

beginning of the run. These results indicate that modifications of running gait as a result of 

fatigue may increase metatarsal loading, especially beneath the second and third metatarsals. 

This may help to explain why running-related stress fracture incidence is much higher in the 

second and third metatarsals.  

 Study 2 (Chapter 4) built off of an idea by Orendurff et al. who suggested that pressures 

differences between the head and base of the fifth metatarsal may be a possible surrogate 

measure of metatarsal stress.6 The current study looked at the ability of a number of external 

loading variables, including head and base pressure differentials (HBPD), peak force beneath the 

metatarsal head (MF), and peak pressure beneath the metatarsal head (MP), to predict metatarsal 

stresses and bending moments. We examined these relationships in the third metatarsal, rather 

than the fifth metatarsal, because running-related stress fractures are more commonly seen in the 

second and third metatarsals.7 Results showed that greater HBPD, peak MF, and peak MP, and 

combinations of the three, are all predictors of greater third metatarsal plantar stress, dorsal 

stress, and bending moments. Of the proposed regression models, a model containing HBPD and 

MF as predictor variables had the best correlation and accounted for the most observed variance. 

A similar model that included HBPD, MF, and MP was similarly predictive of metatarsal bone 

loads. However, further analysis showed MP to be an insignificant predictor. This indicates that 

force may be a greater influence on metatarsal deformation than pressure. To effectively use this 

multiple regression model, a single surrogate predictor variable accounting for both HBPD and 
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MF would need to be established, but this would be difficult to do in a clinical setting. When 

looking at individual variables, the best single predictor was HBPD. However, MP was also a 

decent predictor of stresses and bending moments and could be used when the base of the 

metatarsal head is not present on the plantar pressure footprint. Results of this study suggest that 

external loading measures have the potential to be good surrogate measures of plantar stress, 

dorsal stress, and midshaft bending moments in the third metatarsal.   

 Together, the present studies help to further our understanding of metatarsal behavior 

during running. Study 1 analyzes how metatarsal stresses change as a result of a long run and 

results may provide further insight as to why the second and third metatarsals are most 

commonly affected by running-related stress fractures. Further, these results support inferences 

made in existing literature that increases in loading beneath the forefoot correspond with 

increases in metatarsals stress.2,8 However, bone stress is still difficult to estimate. In Study 2, 

pressure and force values beneath the metatarsals were shown to be predictive of the bending 

moments and stresses occurring in the third metatarsal during running gait. These results provide 

a basis for developing a potentially clinically feasible method of estimating bone stress. Future 

studies should continue to develop the accuracy and practicality of this method. If successful, 

identifying bone stress quickly and efficiently in clinic could help to identify those who are at 

higher risk of developing metatarsal stress fractures. For this to be a practical method, a 

threshold of acceptable pressure or force values would need to be established and additional 

research would need to be done to determine whether this same relationship applies to the other 

four metatarsals. It would also be of interest to see what kinematic variables predict bone stress.  
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 The current studies have limitations that should be considered when evaluating the 

results. Participants in Study 2 were instructed to run barefoot so that a multisegmented marker 

set could be used to capture accurate metatarsal kinematics. Running barefoot is uncommon and 

the known influence of shoe cushioning on running gait and loading parameters could affect the 

relationships that were seen in the current study.9 While participants in Study 1 ran in shod 

conditions, in is unclear if the changes seen post long run would be the same in nontraditional 

running shoes. Additionally, participants in Study 1 completed their run on a treadmill. Most 

distance runners are partial to either trail or road running, and differences in terrain can affect 

loading parameters.10 Further, both studies involved healthy participants and it is unclear if 

relationships between external loading variable and metatarsal stress, and changes in metatarsal 

stress after a long run, extend to those with pathological gaits. 

 Both studies used a mathematical musculoskeletal model based to estimate metatarsal 

loads. This was a generalized model that scaled preexisting measures of metatarsal lengths and 

widths to each participant. However, metatarsals can vary in shape and model predictions can be 

sensitive to variations in bone geometry.11 Incorporating subject-specific geometry in future 

studies would make this a more accurate model for metatarsal stresses and bending moments. 

Additionally, the model tends to overestimate stress in comparison to direct measurements and 

the results of this thesis agree with previous literature that the stress and bending moment values 

calculated with this model are better viewed as relative changes rather than absolutes.4  

 This thesis sought to investigate two questions related to metatarsal bone stress during 

running. Results indicate that a long run equivalent to 25% of average weekly mileage can 

increase stresses and bending moments in the second and third metatarsals, and that external 
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loading measures are predictive of stresses in the third metatarsal. Together, these results add to 

a body of knowledge by helping to explain a potential source of stress fracture injury risk, as 

well as a potential method of estimating metatarsal stress that could help to identify those who 

are at a higher risk for injury. 
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