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Abstract 

Introduction: Running is a common form of aerobic exercise, but 50% of runners will suffer an 

overuse injury. Identifying injury etiology is of importance for clinicians to provide evidence 

based practice. Interestingly, there is a paucity of biomechanical, physiological, or psychological 

data on the condition of injured runners. It could be speculated that a poor recovery could lead to 

secondary injuries. 

Purpose: To evaluate the recovery of injured runners at recovery.  

Methods: 174 endurance runners (N = 102 injured) were followed in a 12-month prospective 

study. Data collection occurred at baseline and injury recovery. Measurements collected were 

kinetics, kinematics, strength, flexibility, training behaviors, quality of life, anxiety, and 

adherence self-efficacy. A study physician diagnosed injuries.  Recovery was defined as reaching 

pre-injury mileage.  

Results: Adherence self-efficacy was significantly lower (p = 0.018) in injured runners with an 

effect size of 0.45. There were no significant differences between injured and non-injured runners 

with regards to biomechanical, psychological, and all but one psychosocial measures.  

Conclusion: Results from this study indicate that injured runners did not have a full recovery. 

Adherence self-efficacy was found to be reduced in injured runners at recovery. Biomechanical, 

physiological, and many psychosocial variables did return to pre-injury levels. Therefore, 

clinicians should consider strategies to improve self-efficacy post-injury. 
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Introduction 

Running is a common form of aerobic exercise with 65 million (20%) Americans 

engaging in habitual running in 20171. However, many of these runners will encounter an overuse 

injury as a result of training. Incidence of lower extremity overuse injuries in runners range from 

19.4% to 79.3% with a mean of 51%2,3. Treatments of overuse injuries can include rest, drug 

therapy, injections, and surgery. These treatment options do little, if anything, to identify the 

cause of the injury and are often only used for symptom management. Identifying injury etiology 

is of concern to clinicians as secondary injury is common in runners. Notably, Walter et al.3 

reported that males were 69% and females were 135% more likely develop a second injury 

compared to previously un-injured runners. Identifying etiologies of overuse injury could provide 

clinicians with more effective treatment options and possibly reduce the risk of further injury.  

Running is a repeated series of collisions with the ground. Without adequate soft tissue 

healing time between bouts of exercise, these forces could lead to overuse injury4. Kinetic factors, 

such as ground reaction forces are likely responsible. Some studies5–7 have found lower vertical 

impact forces in injured runners compared to non-injured. Weak musculature, poor gait 

mechanics, and malalignment could alter and possibly increase the internal forces acting on the 

affected joint8. Notably, Scott and Winter9 demonstrated that internal forces are much greater in 

joints and structures that have overuse injuries. After suffering an overuse injury, runners could 

return to training before muscular strength and gait mechanics have returned to pre-injury levels. 

However, possible alterations in gait and strength following recovery remain unclear and have 

never been fully assessed.  

Psychosocial well-being is diminished following an overuse injury. Many runners place 

high self-efficacy in their ability to run and compete10. Moreover, competitive runners have 

previously described not being able to run as a significant life event11. It can be speculated that 

quality of life could also be negatively impacted especially following multiple overuse injuries. 
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These long term psychological effects on an individual may lead to a longer time for recovery 

from an injury or, even worse, cause runners to completely dropp out of habitual running. It is 

also possible that runners have certain psychosocial factors that influence their willingness to 

return to running or lead to resuming running before being fully recovered. For example, an 

anxious runner may be more willing to return to running but have greatly altered running 

mechanics that increase the likelihood of another injury, or runners with lower self-efficacy may 

not be as willing or confident in maintaining a running program. Interestingly, psychosocial 

variables are largely unassessed within the overuse injury literature.  

While Nielsen et al.12 provided average time for recovery following an overuse injury, 

there are currently no data indicating the condition of runners when they return to pre-injury 

training mileage. Therefore, the purpose of this study was to evaluate the recovery of injured 

runners with regards to training behaviors, biomechanical, physiological, and psychosocial 

variables when they returned to pre-injury mileage.  
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Review of Literature 

 Overuse is a type of injury to the muscle or joint caused from submaximal repetitive 

trauma to the tissues. Overuse injuries in runners results from too much accumulated mechanical 

load placed on the musculoskeletal system over a given time period often without adequate 

recovery periods13. Overuse should not be confused with an acute injury, which occurs as a result 

of mechanical stress exceeding the capability of the tissue at a single time point. Therefore, this 

study focuses only on endurance running as sprinting involves different injury pathologies, risk 

factors, and mechanics.  

Epidemiology  

The incidence rate of running injuries is between 19.4% and 79.3%2. The mean incident 

rate of overuse injuries in prospective studies ranged from 37% to 56% in non-competitive 

runners3,14,15. A large sample of military runners (10,692) had very comparable incidence rates to 

civilian counterparts with 49% of active duty service members reporting an injury in the last 

year16. Moreover, 75% of all running related injuries are classified as overuse14. Runners who 

train on both pavement and trails still suffer more overuse injuries (182 out of 242; 75%) 

compared to acute injuries (60 out of 242; 25%). Incidence rates are also very similar between 

trail runners and runners who only train on flat surfaces17. Interestingly, these data demonstrated 

that even with the increased risk of acute injury associated with trail running, overuse injuries still 

accounted for the majority of total injuries. Incidence rates of overuse injuries per 1,000 hours of 

recreational running ranged from 7.7 (95%CI: 6.9-8.7) to 17.8 (95%CI: 16.7-19.1)17,18. This wide 

range in incidence is largely dependent on the sample assessed. Years of running experience 

(age), typical training behaviors, gender, and competitiveness of the runner have also been found 

to influences incidence rates in a few prospective studies14. 
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 Incidence rates for overuse injuries with competitive based training and greater weekly 

training mileage is inconclusive. Maughan and Miller19 reported that 58% of competitive runners 

competing in a major city marathon suffered an injury, which is comparable to non-competitive 

runners found by Walter and colleagues3. Moreover, 158 of those injured did not seek medical 

care with 146 using rest as treatment. These data indicate that the majority of runners chose when 

to resume running and were not cleared by a clinician. Importantly, 25% of injured runners in the 

Maughan and Miller study suffered a second overuse injury. Others14 have found similar 

percentages of secondary injuries. Approximately one-third of marathon trainees also reported a 

decline in performance in training citing overuse as the result.  

Walter et al.3 reported from the Ontario Cohort that 50.4% suffered some form of chronic 

running related injury; the knee was the most common injury location with 27% of runners 

suffering a knee injury. Further, 15% of runners reported ankle injuries, the second most common 

location for injury. In a similar sample of recreational runners, 27% of recreational runners were 

injured during a 12-week prospective study20. Notably, the Walter study, as well as a large 

systematic review21, cited the knee and lower limb as the main locations of overuse injury. 

A 4-year prospective study, via a 17-site runner’s clinic, found 29% of runners suffered at 

least a grade 1 injury (categorized as pain only after running) during a 13-week training 

program15. The most common site for injury was again the knee, but there were small, but 

significant injury differences between genders as 36% of males but only 30% of females reported 

a knee injury. Moreover, 10% of males and 15% of females suffered an injury to the shank, which 

was the second most common injury location. Hespanhol et al.17 found the incidence rates per 

1,000 hours of trail running in males was 11.3 (95% CI: 9.7-12.9) compared to 9.1 (95% CI: 6.6-

11.6) in females with no significant difference between groups. Conversely, a new prospective 

study involving 300 runners found 73% of females were injured compared to 62% of their male 

counterparts22.  
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Greater age may be a risk for overuse running injury. Taunton et al.15 found that age was 

a risk factor in females but not males. Specifically, females aged < 31 years had a 42% reduction 

in injury risk (0.58 95% CI: 0.34 - 0.97) while females aged > 50 years were at 1.92 times (95% 

CI: 1.1 – 3.3) greater risk for overuse injury compared to women under 50 years of age. It 

remains unclear as to the mechanism increasing the risk of overuse injury with increasing age, but 

it is conceivable that healing and recovery diminish with the natural aging process, or running 

mechanics could also contribute. DeVita et al.23 found that many biomechanical variables decline 

linearly with age. Specifically, older runners experienced shorter stride lengths (r = -0.25; p = 

0.008), decreased ankle torque (r = -0.32; p < 0.0001), and lower peak ground reaction forces (r = 

-0.23; p = 0.016).  

 Financial burden is also a consideration with overuse injuries. A study published in 2017 

demonstrated that 182 overuse injuries had direct and indirect costs of 41,677.33 EU’s ($46,650 

US dollars)17. Direct cost of overuse injuries was $78 per injury and represented health care visits, 

medical specialists, and therapy. Indirect cost per injury was $116 resulting mainly from missed 

work. These averages did not take into account runners who did not seek medical treatment. 

Notably, Maughan and Miller19 reported that about half (55%) of injured runners in their cohort 

do not seek medical treatment. With the number of runners in the US (65 million), the financial 

burden resulting from overuse injury is considerable. For example, using a conservative reported 

incidence rate of 37% and calculating about half (45%) of the injured runners seeking treatment, 

the financial burden of overuse injury would be over $2 billion dollars per year in the US (65 

million runner’s x .37 x .45 x $194 per injury = $2,099,565,000). Moreover, this financial burden 

doesn’t take into account the possibility of increased risk for future disability.   

Risk Factors and Etiology  

The lack of definitive evidence regarding the etiology of overuse injuries in runners is, in 

part, due to weak study designs (namely cross-sectional, retrospective, and expert opinion) and 
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mixed results24. Furthermore, differences in the selection of outcome variables among studies 

have hampered the ability to evaluate injury etiology14. However, many risk factors consistently 

appear associated with multiple overuse injuries. These factors can generally be categorized as 

intrinsic or extrinsic variables. Intrinsic variables are innate to the individual and unalterable 

factors such as; anatomical structure, gender, and age. Extrinsic factors (bodyweight, training 

behaviors, flexibility and strength) are those that can change significantly and are of interest to 

clinicians to reduce or prevent overuse injuries.   

Intrinsic Risk Factors  

Multiple studies that focused on runners demonstrated that an individual suffering from 

one overuse injury was at an increased risk for developing a second injury3,25,26. Indeed, Maughan 

and Miller19 and Macera et. al27 found that previous injury was the most significant risk factor for 

suffering a second injury. This could result from running before the injury is healed or highlight 

the cumulative effects of multiple risk factors in improper gait mechanics. A study on the Ontario 

cohort3 found previously injured males were 1.69 (95% CI: 1.27-2.25) times more likely to suffer 

a second injury compared to non-injured runners. Females showed similar data with a relative 

risk of 2.35 (95% CI: 1.33-4.07). Unfortunately, data supporting why previously injured runners 

are at higher risk is limited. 

Common intrinsic factors related to running injury are age and height. Taungton et al.15 

found that being over 50 years of age was a risk factor for several overuse injuries in women but 

not men. More recently, Messier et al.22 found a trend, although not statistically significant (p = 

0.06), for injured runners to be older compared to non-injured runners (42.3 ± 9.7 vs 40.0 ± 10.3). 

Walter et al.3 found a dose-response with regards to height and injury risk of males but not 

females. Males between 170 to 179 cm were 104% more likely (RR = 2.04; 95% CI: 1.15-3.46) 

to be injured compared to runners that were shorter than 170 cm. The tallest men (> 180cm) had a 
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higher relative risk of injury at 130% (RR = 2.30; 95% CI 1.29-3.90) compared to runners that 

were less than 170cm in height.  

Anthropometric variables have also provided mixed results with regard to injury risk. For 

example, two prospective studies showed no significant associations with running injury and any 

anthropometric asymmetry or range of motion20,28. Messier and Pittala29 did find that greater 

plantar flexion was associated with plantar fasciitis. Interestingly, that study found no differences 

between limb lengths of injured and non-injured legs, which Fields et al.30 believed to be a strong 

risk factor in injury as it can lead to postural compensation and malalignments. Herljac31 noted 

that one reason for the convoluted findings in limb length discrepancies could be a result of both 

differing measurement methods and measurement error.  

Pes cavus, high arched feet, have the strongest supporting evidence as an injury risk 

factor. Pes cavus is thought to cause larger forces being transmitted throughout the lower 

extremity due to landing with a more supinated and rigid foot. Multiple studies have found a high 

arch associated with increased injury risk29,30,32,33. Interestingly, high arches are thought to 

increase lower extremity joint stiffness. Joint stiffness can be described as the slope of the joint 

moment versus the joint angle curve and refers to the ability of the musculature and other soft 

tissue around the joint to attenuate forces34. Increased joint stiffness during gait, especially at the 

knee, may lead to higher forces being transmitted throughout the kinetic chain. Therefore, 

increased internal forces resulting from stiffer joints are of concern as Scott and Winter9 

demonstrated higher internal joint forces at overuse injury locations. Indeed, Williams et al.35 did 

find that high arched runners exhibited greater total limb stiffness, higher vertical loading rates, 

and increased incidence of bony injuries compared to low arches. Specifically, high arched 

runners had total leg stiffness of 7.17 ± 1.16 kN/m kg compared to 6.46 ± 1.01 kN/m kg in low 

arches (p = 0.03) and loading rates of 62.48 ± 13.62 N/s for high arches compared to 52.05 ± 

10.79 N/s for low arches (p = 0.01).  
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While total limb stiffness may be linked to injury, knee joint stiffness has been more 

consistently measured. Specifically, Granata et al.36 found that females had significantly less knee 

stiffness compared to male counterparts (26.2 ± 6.5 vs 33.9 ± 8.7 kN/m), which may begin to 

explain some of the gender bias in injury risk at the knee. Granata and colleagues did have two 

key limitations in that relative bodyweight was not accounted for nor was an angular component 

included in their units. More recently, a prospective study did include an angular component and 

reported greater knee stiffness in injured compared to non-injured runners (6.89 ± 2.65 vs 6.72 ± 

2.03 Nm/deg; p = 0.03)22. Moreover, Williams et al.35 also found greater knee stiffness in high 

arches compared to low arches (0.14 ± 0.04 vs 0.12 ± 0.02 kN m/kg; p = 0.04). While the exact 

relationship between knee stiffness and joint forces has yet to be established, there is likely an 

ideal range of lower extremity joint stiffness that reduces forces on the joint but allows maximal 

performance37. More prospective studies focusing on the effects of joint stiffness on internal joint 

forces are needed to determine possible causal mechanisms of injury.    

Large Q-angles (angle formed by the intersection of two lines that cross at the center of 

the patella: one going from the anterior superior iliac spine (ASIS) to the center of the patella and 

the other from the anterior tuberosity of the tibia to the center of the patella) have also been 

shown to be strongly associated with injury. Typically, large Q-angles result in excessive hip 

adduction and femoral internal rotation. This biomechanical alteration is thought to result in 

anterior knee pain38. These anatomical abnormalities of the lower extremity are likely to 

contribute to injury, but current literature is equivocal as researchers have not been able to reach a 

consensus on the role of anthropometrics in injury risk. For example, one study39 found no 

differences between anatomical variables in injured and non-injured runners. More recently, Park 

and Stefanyshyn40 reported a negative correlation (R = - 0.49; P = 0.005) between Q-angle and 

peak knee abduction. These findings indicate that large Q-angles may actually have lower knee 
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abduction compared to smaller Q-angles and would likely not be an etiology to anterior knee 

pain.      

Excessive-pronation of the subtalar joint is a common mechanism by which multiple 

injuries may occur. Pronation is the combination of ankle dorsiflexion, rear-foot eversion, and 

foot abduction41. Figure 1 below demonstrates pronation and supination. Pronation is an 

important part of initial contact into mid-stance during the running gait cycle and is necessary to 

absorb ground reaction forces evenly throughout the lower 

extremity. McClay and Manal42 reported maximum eversion 

values of 21.2 ± 4.8º for excessive pronators compared to 

11.2 ± 2.7º for normal pronators (p < 0.015). Although 

pronation can possibly be altered with shoe orthotics making 

it an extrinsic variable, research remains inconclusive if rear-

foot motion is reduced with a medial heel post. This issue may be difficult to resolve as marking 

the calcaneus is required but also compromises the integrity of the shoe.  

Excessive pronation reduces the effectiveness of the foot to re-supinate and become rigid 

before toe-off, which occurs with normal gait43. Notably, there does appear to be a sweet spot for 

ankle motion during running. It can be proposed that runners who do not pronate enough stay 

more supinated after heel-strike and suffer from increased braking forces that are transmitted up 

the kinetic chain. Conversely, runners who have excessive pronation are likely to have increased 

torque and stress on the tissues of the lower extremity6,41,43. Therefore, an adequate amount of 

pronation is thought to reduce stiffness of the foot and also limit forces on the soft tissues 

surrounding the ankle. In effect, adequate pronation could reduce injury risk. Recently, Messier et 

al.22 found no difference between injured and uninjured runners with regard to a supinated 

touchdown angle (6.0 ± 3.7º vs 6.4 ± 3.6 º; p = 0.40) or eversion range of motion (13.4 ± 3.6º vs 

Figure 1; Rear-foot Position  
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13.8 ± 3.7 º; p = 0.35). These data suggest that pronation and supination may not be significant 

risk factors as previously thought.       

Rear-foot motion as a possible mechanism of injury becomes multifactorial with the 

addition of pronation velocity and usage of maximum joint range of motion. To date, it remains 

unclear if excessive pronation is an etiology for overuse injury. Although some studies32,39 have 

shown excessive-pronators to be at higher risk for injury, most of these studies were cross-

sectional in design and other overuse injuries (most commonly medial tibial stress syndrome) 

could have convoluted findings. Although not statistically significant, Messier and Pittala29 

observed a trend that greater pronation velocity was associated with increased risk for injury. 

Higher velocities of foot pronation appear to be a risk factor as similar but significant findings 

were supported by others44 in regard to MTSS. However, the relationship between the amount of 

rear-foot motion and injury is still to be determined with researchers citing retrospective and 

cross-sectional designs as a limiting factor in establishing causality29,41. 

Female gender has long been touted as a risk factor for injury. However, once other risk 

factors, namely larger Q-angles and weaker musculature, are taken into account, gender is no 

longer a significant risk factor. In a meta-analysis of overuse injuries, Saragiotto et al.25 found 

that there was a scarcity of strong prospective studies to correctly identify gender as a risk factor 

of injury. This conclusion begins to explain the inconsistencies of findings supporting or refuting 

gender as a risk factor.  

Extrinsic Risk Factors  

Extrinsic risk factors include running mechanics, foot wear, running pace and duration, 

running surface, and psychosocial influences. Extrinsic variables may be altered to reduce injury 

risk in runners. Various training behaviors can provide significant risk for running injury. While 

training errors are often cited as risk factors, there is a lack of data to support the correct 



9 
 

frequency, intensity, or duration for running that is optimal for performance and injury 

reduction45. 

Lower extremity weakness may be the most important extrinsic risk factor for running 

injury. Muscle weakness at both the hip46,47 and knee6,32,48 have been significantly associated with 

many overuse injuries. Weakness within the gluteus medius, piriformis, quadratus femoris, and 

the remaining external rotators produce a lack of hip stability during movement, thereby 

negatively altering running mechanics and increasing the risk of overuse injury41,49,50. 

Additionally, a lack of hip stabilization causes increased internal rotation and adduction of the 

femur during the mid-stance phase of gait49. This effect can be exacerbated with intrinsic factors 

such as larger Q-angles and pes planus. To date, there has not been a randomized controlled trial 

conducted to link muscle weakness to running injury, but Niemuth et al.46 did show in a 

retrospective design that hip abductors and hip flexors were significantly weaker in injured limbs 

compared to their non-injured limb in both sexes. That study also found the non-injured limb to 

have significantly stronger hip adductors providing evidence of overcompensation from altered 

gait mechanics. Fredericson et al.50 reported that strengthening the gluteus medius, via a rehab 

protocol, showed a 34.9% and 51.4% increase in maximal torque for females and males, 

respectively. Most importantly, this cohort reported no injuries 6 months after the intervention 

suggesting that stronger hip abductors may have prevented the runners from suffering a second 

injury. Maximal strength of the hip musculature is the most common measurement, but muscular 

endurance may play a bigger role in injury as runner’s fatigue both during a single training 

session and chronically over multiple sessions. Accumulative fatigue is likely to affect running 

gait and lead to dysfunction throughout the kinetic chain. In effect, muscle fatigue could 

contribute to injury risk but hasn’t been fully assessed. Due to the complex interactions of the 

lower extremity anatomy, the true relationship between muscular weakness and injury isn’t well 

understood.              
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Running surfaces have been thoroughly studied with regards to injury. Wen et al.51 found 

that harder surfaces were associated with more back and thigh injuries, possibly due to higher 

ground reaction forces. Conversely, it could be proposed that softer surfaces may lead to more 

muscular demand. However, two prospective studies found that running surface did not 

contribute to injury risk15,17. While surface may not play a role in injury, changes in elevation and 

crowned roads are likely to influence injury risk. Notably, Messier and Pittala29 found that 

runners suffering from ITBFS were 20% more likely to run on hills and 20% more likely to run 

on crowned roads. Older shoes that can no longer absorb impact may also contribute to injury. 

Two studies45,51 found that using shoe orthotics and having older running shoes were both 

significantly associated with overuse injuries.    

Weekly mileage is thought to play a role in overuse injury. However, these data have 

been mixed. Walter et al.3 found that running over 40 miles per week increased relative risk of 

overuse injury by 2.2 (95%CI: 1.30 – 3.68) in men and 3.42 (95%CI: 1.42 – 7.85) in women 

compared to < 10 miles per week. Conversely, Messier and Pittala29 found no association 

between weekly training mileage and injury. Running frequency; however, does appear to play a 

significant role in overuse injury. Walter et al.3 demonstrated that both genders showed increased 

risk of injury with year-round running compared to taking multiple weeks off during the year. 

Men had relative risks of 1.64 (95%CI: 1.12-2.35) and women showed similar data with relative 

risks of 2.00 (95%CI: 1.01-3.75). Moreover, that same study demonstrated a dose-response with 

running frequency. Males who ran 7 days per week were at 5.92 times (95%CI: 2.49-12.75) 

greater risk for developing an injury compared to running just 2 days or less per week. Females 

running every day of the week were also 5.5 times more likely to be injured (95%CI: 1.44-17.30) 

compared to running two days or less3. These crucial days and weeks of rest likely enable the 

musculature and soft tissues of the runner to properly heal. It could also be proposed that running 

less often simply reduces total running mileage and keeps the runner below their injury threshold. 
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Even though many of these runners wouldn’t necessarily be affected by sub-clinical symptoms, 

high frequency running likely causes chronic degradation of the structures and increases risk of 

injury.  

Interestingly, there are certain cohorts of runners, like the Kalenjin tribe of Kenya, that 

continue to produce world class endurance athletes with very large training loads and have very 

low incidence of injury52. There is likely a threshold for training mileage and frequency based on 

total number of risk factors. Once this running load is surpassed, it results in a vastly higher risk 

of injury. Hreljac et al.31 used a curvilinear graph (figure 2) to describe this concept of total stress 

(risk factors and mileage) vs running 

frequency. The Kenyan cohort does not have as 

many risk factors for injury, namely; 

anatomical malalignment, gait abnormalities, 

and strength imbalances53. In effect, this likely 

enables the Kenyans to increase overall training 

volume without injuring themselves. 

Conversely, runners who have high weekly mileages and multiple risk factors are more likely to 

be injured.  

The effects of stretching on injury risk in runners have long been debated. Two studies 

found runners who sometimes stretch had a higher odds ratio of injury compared to never 

stretching24,54. Interestingly, Walter et al3 demonstrated that male runners who never warmed up 

nor stretched had a 63% (RR = 0.37; 95% CI 0.19-0.81) reduction in risk of developing an injury 

compared to runners who routinely conducted a warm-up. Moreover, males who sometimes 

stretched had a 56% (OR: 1.56; 95%CI: 1.1-2.21) increase in risk for overuse compared to always 

stretching. Alternatively, others studies have found no association with stretching and injury31. 

The most definitive data to date by Thacker et al.55 found, during a systematic review of over 361 

Figure 2; Injury Threshold 
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running related articles, that stretching did not have a significant association with injury (OR = 

0.93; 95% CI 0.78-1.11). Authors concluded that a large scale randomized controlled trial is 

needed to determine the effects of stretching on running injury.  

Flexibility could also influence injury risk. In 20 runners (12 male), Hreljac et al.39 found 

that hamstring and lower back flexibility was significantly reduced in injured runners. 

Specifically, there was a 6.9 cm difference between injured and non-injured runners in a sit and 

reach assessment (-3.7 injured vs 3.2 non-injured). Interestingly, there were no differences in that 

study between contralateral limbs indicating that hamstring and lower back flexibility could have 

played a role in injury onset. Researchers have suggested that stiffness of a muscle group could 

lead to increased stress on an adjacent joint. Furthermore, poor flexibility could also result in 

muscular imbalance and improper gait mechanics. Some have found that greater ankle range of 

motion in the sagittal plane is associated with injury29. Others have reported that ankle range of 

motion does not differ significantly39. However, Montgomery et al.56 reported that decreased 

ankle range of motion was associated with higher rates of stress fractures in military recruits. The 

true role of flexibility and range of motion on injury risk needs further investigation.  

 Running pace has been largely accused of contributing to injury risk. Three studies found 

running pace was associated with injury7,24,57. Marti et al.24 found the association between injury 

and training pace was greatly diminished after controlling for weekly running mileage. Messier et 

al.7 did find that runners with iliotibial band friction syndrome ran an average of 3 seconds per 

mile faster than non-injured runners. However, some researchers would question whether such a 

small pace increase is clinically significant. Many studies also note that the vast majority of 

running pace is self-reported, possibly explaining some of the mixed results. Multiple studies 

have found that running pace was not associated with injury risk3,14,29,32. From the Ontario 

cohort3, competitive runners showed a 73% increase in relative risk for injury (RR: 1.73; 95% CI: 

1.21-2.49) compared to recreational male runners. However, those researchers found no 
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significant differences between average training pace and overuse. Based on the majority of 

running literature, training pace likely does not contribute to injury. 

 The role of kinetic variables as a mechanism of running injury is fairly obvious. Large 

external forces (stress) distributed unevenly across the anatomical structure could exceed 

physiological limits of the tissues. Kinetic abnormalities add additional stressors to the runner and 

shift the runner into the injury region as shown in figure 2. Kinetic alterations speculated to cause 

injury include; the magnitude of ground reaction forces, rate of impact loading, and magnitude of 

forces and moments at the joint6,31,39,58. Messier et al.6 found that vertical ground reaction forces 

were greater in injured runners with patellofemoral pain. A similar study supported those findings 

when injured runners were compared to non-injured runners39.  

Scott and Winter9 reported that impact forces at heel strike did not have large effects on 

the peak force observed within the joint. Specifically, authors noted that plantar flexor strength 

played a significant role in force attenuation and reduced shear force at the ankle. It also appears 

that multiple variables can alter joint forces. Messier et al.8 found that hamstring flexibility was 

negatively correlated (r = -0.47; p = 0.04) with knee extension moments. They also found that 

concentric knee extension strength (r = 0.68; p = 0.0001), bodyweight (r = 0.48; p = 0.03), and 

weekly mileage (r = 0.62; p = 0.005) were all correlated with tibiofemoral compressive force. 

These data suggest that extrinsic variables can alter compressive forces and moments on the joint 

without changes in ground reaction forces. More recently, it has been proposed that greater 

internal forces acting on the joint is likely a common etiology of overuse injury. Notably, Scott 

and Winter found internal forces to be higher at injury sites9. This reasoning has biological 

plausibility because it includes the interplay of muscle, tendons, and ligaments and their role in 

force attenuation. For example, it has been well established that higher running velocities produce 

greater ground reactions forces, but faster runners have not been found to be at higher risk for 
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injury. It is more likely that anatomical variations, malalignment, and muscular weakness play a 

larger role in overuse injury by increasing the stress placed on the joint31.  

Anterior Knee Pain 

There is little consensus about the etiology for anterior knee pain. Notably, pain is 

exacerbated when using stairs or during squatting movements. Previously, it was thought that 

patellofemoral malalignment and patellar tracking was the direct cause of pain stemming from 

increased stress on the joint59. Newer evidence has concluded that individuals can have 

malalignment without injury, indicating that malalignment isn’t the sole factor involved in 

anterior knee pain20. Therefore, anterior knee pain is thought to involve multiple risk factors and 

etiologies. The Q-angle is commonly cited as a risk factor for knee pain due to biomechanical 

alterations of the lower extremity, especially at the knee joint. Messier et al.6 found Q-angles 

greater than 16º to be strongly associated with injury.  

Quadriceps weakness has consistently been associated with anterior knee pain6,60. Along 

with weakness, delayed electrical impulses and slow muscle activity in the vastus medialis and 

vastus lateralis have been observed in subjects with patellofemoral pain59. Moreover, Duffey et 

al.32 found that the majority of muscles acting at the knee were weaker with pain, especially with 

regards to knee extension torque. However, the retrospective design (already injured runners) 

may have limited performance during strength testing. One potential reason for quadriceps 

weakness being mentioned as a risk factor is that injured runners may not have enough eccentric 

quadriceps strength to dissipate forces acting internally during heel strike.  

From a biomechanical aspect, rear-foot motion likely plays a role in anterior knee pain. 

Duffey et al.32 reported that injured runners have 25% more supination (5.1° vs 6.4°) at heel-strike 

compared to non-injured runners. A more rigid foot could increase impact forces being 

transmitted throughout the lower extremity. In effect, these higher external forces would require 
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more internal forces to control movement and attenuate mechanical stress. Chronically, these 

higher musculature demands could lead to overuse.  

Excessive pronation has also been discussed as a risk factor for anterior knee pain. 

However, there is some debate about total pronation and injury risk. Originally, many 

investigators thought that excessive pronation after heel-strike was a direct etiology of anterior 

knee pain. More recently, two studies6,32 reported no clinical difference between injured runners 

and non-injured runners with regard to total rear-foot motion. Rodrigues et al.61 found injured 

runners had less ankle range of motion and used a greater percentage of that range compared to 

non-injured runners (4.21º vs 7.25°) with a moderately-strong effect size of 0.77. This observation 

could further explain some of the lack of concensus in the previous literature.   

Iliotibial Band Friction Syndrome (ITBFS) 

 The iliotibial band (IT) is a thick band of fascia that 

originates at the outer rim of the iliac crest and anterior superior 

iliac spine. The IT band runs along the lateral portion of the 

thigh, then inserts into the lateral condyle of the tibia. As seen 

in figure 3, the iliotibial band connects the tensor fascia latae, 

gluteus minimus, and gluteus maximus into the lower thigh and 

lateral knee62. Functionally, this connection allows the musculature to abduct, adduct, medially 

and laterally rotate, and flex the thigh. Notably, the IT band also serves to stabilize the hip and 

knee during movement. It has been hypothesized that iliotibial band friction syndrome occurs 

when the IT band (located behind the lateral femoral epicondyle) travels across and rubs the bony 

ridge of the condyle during full knee extension, which is commonly observed at heel-strike. This 

could be why less knee flexion during running is thought to increase IT band irritation. Over-

time, this repetitive irritation can damage the bursa that normally allows smooth gliding of the 

band over the bony ridge. Conversely, another study63 argued via 35 knee arthroplasties and 350 

Figure 3; Iliotibial Band   
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knee arthroscopies that no bursa was observed under the IT band insertion. Authors cited a build-

up of synovial fluid is more likely to play a role in ITBFS etiology. The primary symptom of 

ITBFS is pain and inflammation in the lateral portion of the knee62. More concerning, is that the 

longer ITBFS occurs, the more likely the runner is to sustain permanent damage.  

Orchard et al.64 reported that there were large variations in IT band width between 11 

normal cadaveric knees. This may be evidence for individual intrinsic predisposition to ITBFS as 

thickness and width is an indicator of functionality. Specifically, Ekman et al.65 found during 

magnetic resonance imaging that IT band thickness was 5.49 ± 2.12 mm in injured runners 

compared to 2.52 ± 1.56 mm in un-injured runners (p < 0.05). A second key finding from that 

study was that slower running paces were more likely to result in ITBFS because IT band friction 

commonly occurs with < 30º of knee flexion. Orchard et al.64 also observed this and reported an 

average knee flexion angle of 21.4 ± 4.3º in 9 runners with ITBFS. Typically, faster paces result 

in greater knee flexion angles at heel-strike and may reduce ITFS.   

Noehren et al.66 found when females with ITBFS were age and mileage matched, ITBFS 

was accompanied by increased hip adduction (14.1 ± 2.5º vs 10.6 ± 5.1º; p = 0.01), knee internal 

rotation (3.9 ± 3.7º vs 0.02 ± 4.6º; p = 0.01), and femoral external rotation. That research group 

found similar results in males in a second study67; When compared to controls, males with ITBFS 

had weaker hip external rotators (1.2 Nm/kg less), greater hip internal rotation (3.7º), and greater 

knee adduction (3.6º). In a highly cited ITBFS study, Fredericson and colleagues50 found injured 

runners had greater hip abductor weakness compared to healthy runners. Hip drop and rise is 

thought to be a result of weak hip stabilizers and has previously been discussed as a possibly 

etiology to ITBFS62. Recently, a study68 demonstrated that 10º of hip drop during running resulted 

in hardening of the IT band using shear wave elastography. Interestingly, IT band hardness was 

decreased with hip rise and trunk flexion indicating tautness of the band plays a role in function.  
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Several other risk factors have been found. Frontal plane foot placement during running 

likely contributes to hip rise and drop62. Messier et al.7 found using an isokinetic dynamometer 

and motion analysis software that multiple strength and kinematic variables were different 

between ITBFS and non-injured runners. Specifically, calcaneal heel-strike angle, maximum 

supination velocity, and greater braking forces were significantly associated with ITBFS. In a 

different study29, the same researchers reported a trend that 20% more runners with ITBFS ran on 

crowned roads, but the reasoning behind the increased risk is unclear. While previous research 

has identified many likely causes to ITBFS, complex interactions between running behaviors and 

individual differences require further investigation.      

Achilles Tendinopathy  

The Achilles tendon connects the plantar flexor muscles of the lower leg (gastrocnemius 

and soleus) to the calcaneal tuberosity69. Gastrocnemius and soleus muscle fibers are intertwined 

toward the proximal end of the tendon and produce the highest tensile forces about 2-6 cm above 

the calcaneal tuberosity5. This is also the most common site for Achilles tendinopathy (AT). More 

recently, tendinopathy has been used as an umbrella term for most tendon overuse injuries. 

Previous studies used tendinitis to describe these injuries, but this term now only refers to 

inflammation of a tendon, which can subside after 5-7 days and leave pain and irritation 

remaining. There is also a third type of tendon injury (tendinosis), however the pathology and 

treatment of tendinosis is different compared to Achilles Tendinopathy. This study did not 

differentiate between tendinosis and tendinitis. Therefore, tendinopathy describes both.       

The primary biomechanical mechanism of Achilles Tendinopathy is thought to be a result 

of excessive pronation during stance phase of running gait. More specifically, the rear-foot lands 

supinated then progresses into pronation with high velocity while the runner moves into mid-

stance. This mechanism could cause a repeated “bowstring” or “whipping action” on the Achilles 
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leading to micro-tears over time5,69. Some have argued that certain areas of the tendon may never 

receive proper stress due to non-uniformities within the tendon insertion, which limits 

physiological adaptations of increased density and strength. Paradoxically, these underused and 

underdeveloped areas could be at an increased risk for injury when more intense demand is 

placed on the tendon70. Supporting the more traditional etiology of micro-tears and overuse, 

Clement et al.71 reported greater extension of the knee during mid-stance led to increased torsion 

on the tendon. McCrory et al.5 found deficiencies in eccentric strength in key plantar flexors; the 

gastrocnemius and soleus in runners with Achilles Tendinopathy. During heel-strike into mid-

stance, weak plantar flexors could be a possible mechanism for injury due to the increased 

demand on the Achilles tendon to control forward locomotion.            

The Achilles tendon is considered one of the strongest tendons in the body being 

constructed of 90% collagen. These collagen strips are packed in parallel bundles with type I 

forming about 95% of the structure69. About 2% of dry weight in the tendon results from elastin, 

which enable a stretch of about two times the resting length before rupturing. Notably, two 

studies69,72 focusing on tendon histology found that overuse injury may be caused by an altered 

healing response. This hypothesis states that collagen is not replaced in the typical parallel pattern 

which greatly decreases density and strength of the tendon. In effect, this leads to chronic micro 

tears within the structure that require longer time for recovery.     

The healing process of tendons has been a focus to both researchers attempting to find the 

etiology of AT and clinicians rehabbing overuse injuries. Biologically, it is plausible that an 

altered healing response could contribute to AT. Notably, Fenwick et al.72 highlighted hyper 

revascularization as an emerging component to AT. This effect was shown in a rabbit model 

when blood flow was actually increased in the damaged tendon compared to healthy controls73. 

Furthermore, there are data to suggest angiogenesis can damage tendons74. These findings would 

suggest that there is plenty of blood perfusion to the injured tissue to enable adequate recovery, 
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but pain is still present in the tendon. More recent work within the pathology of tendon injury 

involve growth factors and cytokines. Transforming growth factor (TGF-1), epidermal growth 

factor, basic fibroblast growth factor (bFGF), vascular endothelial growth factor (VEGF), and 

platelet derived growth factor have all been shown to upregulate immune system activity during 

tendon repair72,75–77. It is possible that runners who suffer from an overuse injury, or multiple 

overuse injuries, have deficiencies in upregulating these growth factors leading to a reduced 

healing rate. Conversely, Achilles Tendinopathy may stem from running too frequently when 

these growth factors and cytokines are at heightened levels, but before they could fully repair 

previous damage. This, in part, could explain some of the inflammation within the tendon. While 

understanding of the pathophysiology is progressing, definitive findings have not been reported.  

Plantar Fasciitis  

The plantar fascia is a thick connective tissue (aponeurosis) that originates on the medial 

calcaneus and inserts into the deep transverse ligaments of all five metatarsal heads. The plantar 

fascia can be divided into three parts; medial, central, and 

lateral. The central aponeurosis is most often involved with 

Plantar Fasciitis because it is thought to assist in supporting 

the arch of the foot. The entire plantar fascia controls the 

arch of the foot in a windlass mechanism in figure 4. The 

windlass mechanism occurs when the plantar fascia is 

shortened during hallux dorsiflexion and increases the height of the medial longitudinal arch78. 

This is the most accurate mechanism in describing foot biomechanics and the interplay of the 

anatomy78. 

Previously, the common belief was that pes cavus feet was the main risk factor leading to 

increased risk of PF. Indeed, high arched runners do suffer from Plantar Fasciitis, but Bolgla and 

Malone78 noted that individuals with pes planus have similar injury rates. Moreover, one study79 

Figure 4; Windlass Mechanism   
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found that a low arch index (pes planus) was significantly associated with Plantar Fasciitis when 

compared to a control group. However, pes cavus feet are likely to result in a more taut plantar 

fascia, which contributes to pain, stretching, and degradation of the tissue80. This increase in 

stretch of the tissue is also likely to cause calcaneal bone osteophytes often observed with more 

severe PF78. Interestingly, Kwong and colleagues81 hypothesized that fascia tension is the main 

culprit for Plantar Fasciitis pain and not the bone spur. 

Excessive pronation of the subtalar joint during gait has been associated with Plantar 

Fasciitis. Many have found that excessive and prolonged pronation is a common mechanical 

cause of soft tissue strain78,80,81. Bolgla and Malone78 stated that excessive pronation likely 

minimizes the efficiency of the windlass mechanism for foot control. Conversely, Pohl et al.79 

reported that there were no differences in rear-foot kinematics in 25 Plantar Fasciitis case-control 

matched runners. Pohl and colleagues did report greater impulse loading rates and increased 

dorsiflexion in the PF group. Messier and Pittala29 reported that runners with PF had significantly 

reduced plantar flexion ROM compared to non-injured controls. These data would indicate that 

increased dorsiflexion and reduced plantar flexion may both be a risk factor for Plantar Fasciitis.  

Muscular weakness could also be part of Plantar Fasciitis etiology75. Tome et al.82 found 

that dysfunction in the posterior tibialis led to 6.2º greater rear-foot eversion (p < .004) and a 

larger medial longitudinal arch angle 8.0º (p < .009) compared to healthy controls. These data 

provide evidence of a reduced capacity of weakened musculature to adequately pronate and 

supinate the foot during running. However, others83 have found no kinematic effects of posterior 

tibialis fatigue on walking gait. Knee and hip muscular weakness may also contribute to Plantar 

Fasciitis injury risk. Backstrom84 reported that weaker gluteus medius, gluteus minimus, tensor 

fascia latae, and quadriceps muscles have all been associated with Plantar Fascia abnormalities. 

In short, muscular weakness appears to cause poor weight absorption and decreases rear-foot 

control.  



21 
 

 While the mechanism of Plantar Fasciitis is still debated, overuse injury does appear to 

result from chronic micro-trauma to the plantar fascia. This trauma degenerates the ligamentous 

tissues and thickens the fascia over time. Khan and colleagues85 noted that inflammation does not 

need to be present for the primary symptoms to occur and that the dogma of inflammation with 

regards to many overuse injuries has not been supported. Considering the lack of support for the 

role of inflammation in PF, more research is needed to understand onset and progression.    

Medial Tibial Stress Syndrome (MTSS)    

  Medial tibial stress syndrome typically involves inflammation of the soft tissues located 

on the lower shank. MTSS may be refereed pain resulting from the tibialis posterior pulling on 

the interosseous membrane that connects the tibia and fibula. In contrast, Kortebein et al.86 

mentioned the anterior shin pain associated with MTSS was likely due to a dysfunction of the 

Sharpey fibers, which connect the soleus fascia through the periosteum to the tibia. Beck87 

suggested that chronic stress from high ground reaction forces leads to greater fatigue levels of 

the soleus. Regardless of the differing opinions, most agree that the soleus doesn’t function 

properly in MTSS. While micro-fractures to the tibia may be present in MTSS, it has not been 

confirmed in radiologic studies88. 

 Common risk factors associated with MTSS include; excessive pronation, pes planus, 

varus rear-foot, greater pronation velocity, weakness in ankle plantar flexors, and behavioral 

habits such as running on hard surfaces or inclines29,86,87,89. Messier and Pittala29 reported that 

runners with MTSS had more pronation and were accompanied by larger pronation velocities. 

Interestingly, Plisky et al.89  found that neither arch nor navicular drop was significantly 

associated with MTSS. Also, there are some data suggesting body mass may be an important risk 

factor. Specifically, Plisky and colleagues89 reported that a body mass index (BMI) between 20.2-

21.6 kg/m2 was over 5 times more likely to suffer from MTSS compared to a BMI under 20.1 

kg/m2. Notably, this was a small sample size for an observational study (N=105) and no dose-
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response was found. Moreover, BMI’s of greater than 21.6 kg/m2 was not significantly different 

than < 18.0 kg/m2. While it is unclear if body mass is a risk factor for MTSS, it is quite plausible 

that increases in mass contributes to increased risk.     

 It could be proposed that muscular fatigue contributes to MTSS and is exacerbated by 

increased demands either via higher running mileage or bodyweight. Madeley and colleagues90 

found when age, weight, and activity levels were accounted for, endurance of the ankle plantar 

flexors were decreased in a case-control study of MTSS. Specifically, the MTSS group averaged 

23 ± 5.6 bodyweight calf raises compared to 33 ± 8.6 in the control group (p < 0.001) in a timed 

muscular endurance test. These results could indicate that plantar flexor fatigue during running is 

leading to MTSS. However, most study designs with MTSS prevent scientists from determining 

causation. Multiple risk factors (namely greater pronation and decreased arch control) can be 

attributed to overall ankle muscle weakness. Interestingly, treatment for MTSS has been most 

effective with a combination of shoe orthotics, strength training, and running mechanic 

improvements91. These findings suggest that multiple risk factors contribute to MTSS etiology.              

Diagnosis and Treatment 

 Diagnosis of overuse injuries can be difficult due to many injured runners simply not 

reporting an injury or trying to “run through the pain”. Maughan and Miller19 reported that over 

half of runners did not seek medical treatment for a running overuse injury. Therefore, the 

majority of injures are likely self-treating with various combinations of rest, ice, heat application, 

and stretching techniques. The high percentage of undiagnosed injured runners not seeking 

medical treatment is concerning and could lead to secondary and tertiary injuries.   

 In contrast to self-treatment, overuse injuries should have a thorough clinical diagnosis 

where a clinician evaluates the entire kinetic chain of the runner in an attempt to identify 

malalignment or anatomical imbalances that could be causing injury92. This evaluation is the first 
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step in the treatment chain and critical to enable proper treatment options. During this evaluation, 

the clinician should conduct multiple assessments to include; a physical examination focusing on 

noticeable physical abnormalities, strength deficiencies, improper gait patterns, limited range of 

motion, pes cavus foot structure, limb length asymmetries, and stability/mobility during 

movement assessments93. The use of diagnostic testing is usually required to exclude other 

pathologies and not necessarily to diagnose overuse injuries. For example, if a patient exhibits 

common symptoms for MTSS (anterior tibia pain during exercise but not after the activity stops), 

an x-ray image may rule out a stress-fracture. The clinician can also can use magnetic resonance 

imaging (MRI) or computed tomography (CT scan) to confirm more ambiguous injures93. 

 Typical treatment of overuse injuries can vary based on the type of injury. Rest, ice, and 

stretching of the musculature around the area are usually the first treatment options93,94. With less 

severe injuries (categorized here as grade 1), cross training exercise such as swimming or cycling 

may allow the runner to continue training without exacerbating symptoms. However, little is 

known about the timeframe for returning from an overuse injury as only one study12 has assessed 

the average time to resume training for all overuse injuries. With more severe injuries (grade 2 

and 3), the next treatment options focus on limiting pain by way of pharmacological anti-

inflammatories or injections. Nonsteroidal anti-inflammatory drugs (NSAIDS) are common over-

the-counter drugs that many runners may use to relieve symptoms of overuse. Typical NSAIDS 

include; ibuprofen, aspirin, and naproxen. With more severe inflammation, cortisone or other 

steroidal injections are commonly administered by health care providers.  

Soft tissue therapy is also commonly seen in the standard treatment of overuse injury. 

Brosseau et al.92 and Vardiman93 have attempted to treat overuse injuries with soft tissue 

mobilization with no definitive proof to any possible benefits95,96. The remaining treatment option 

for overuse injury is manual therapy or physical therapy. These treatments, especially eccentric-

focused resistance exercise, have demonstrated improvements in mobility of the joint and 
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corrected poor movement patterns through neuromuscular and proprioceptive exercises97. 

Notably, eccentric-focused exercises are likely the most beneficial form of non-pharmaceutical 

treatment. The percentage of runners who reach this level of treatment are receiving professional 

care and clearance before returning to normal training mileage. The concern is about the other 

group of runners who begin training on their own with unknown injury conditions.      

Psychosocial Factors 

The psychosocial aspect of overuse injuries has been understudied in runners. However, 

there are data to suggest runners with overuse injuries have multiple negative psychosocial 

changes both during injury symptoms and after the runner has recovered from injury. In a 

descriptive study, Russell and Wiese-Bjornstal10 reported the majority of runners who suffered an 

overuse injury concurrently had many consistent psychosocial responses including frustration, 

fear, and general emotional distress. Runners were both afraid of the injury not healing properly 

and the increased risk of being re-injured. Interestingly, runners with overuse injuries are far less 

likely to seek social support via the ways of coping subscale within the Rosenberg Self-esteem 

Inventory (2.4 ± 0.6 vs 2.8 ± 0.6; Effect Size = 0.47) or seek medical attention compared to acute 

running injuries98. It is conceivable that these runners place themselves at increased risk for future 

injury due to the lack of medical care10. Even more concerning, some runners were found to 

ignore medical advice informing them to rest and heal. One runner believed that running through 

pain “made them tougher” and another reported “devastation” from not being able to run10. More 

recently, Otter et al.99 found higher emotional stress in 16 runners the week following an injury 

compared to baseline (1.24 ± 0.53 vs 2.00 ± 0.69; p < 0.01) on the Recorded Stress and Recovery 

Scores Questionnaire. Those runners also reported greater levels of fatigue and social stress.   

Overuse injuries can also lead to a decrease in feelings of self-worth and self-esteem. 

Specifically, Wasley and Lox98 found that runners with chronic injuries scored lower on the 

Rosenburg Self-Esteem Inventory (4.4 ± 1.2 vs 6.2 ± 1.2; Effect Size = 1.30) compared to acutely 
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injured runners. Further, runners with overuse injuries were more likely to avoid discussing their 

injuries (2.4 ± 1.2 vs 1.9 ± 0.6; Effect Size = 0.52). Interestingly, Samson100 found that runners 

training for a marathon relied heavily on previous experiences, a key component of self-efficacy, 

as training progressed. Specifically, as training intensity and volume increased, runners that had 

previously completed a marathon reported higher self-efficacy compared to inexperienced 

runners. From those results, it can be speculated that injured runners respond in a similar fashion 

by relying on previous injuries or vicarious experiences to determine recovery from injury and 

confidence for maintaining running mileage. Runners also reported lower self-efficacy the week 

following an injury, but this effect diminished after two weeks in a small sample100. While these 

data suggest self-efficacy changes following an overuse injury, it is unknown how long, or to 

what extent, self-efficacy is altered. Notably, McAuley et al.101 reported self-efficacy, a core 

construct in Social-Cognitive Theory, mediated exercise behavior and attendance in older adults. 

This suggests injured runners with low self-efficacy may be less inclined to continue running.    

Interestingly, the risk factors recreational runners believe are causing overuse injuries are 

some of the risk factors with the strongest mechanical evidence for injury causality. Saragiotto 

and colleagues102 interviewed 95 runners in a qualitative study and concluded that runners believe 

extrinsic factors such as not stretching, excessive training, not warming up, and a general lack of 

strength are likely contributing to injury risk. Intrinsic factors mentioned were exceeding the 

body’s limitations and anatomical abnormalities. These qualitative data suggest that runners are 

aware of the risk factors for injury but many choose to overlook them. The psychological 

reasoning behind this remains to be determined and is likely to vary greatly between individuals.   

 Work in the psychology of injured runners has traditionally focused on stress theory or a 

certain set of personality characteristics in relation to injury103. Many have suggested that some 

runners have personality traits, namely excessive risk taking, which predisposes them to injury. 

Moreover, competitive anxiety has been shown to be significantly associated with injury 
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occurrence in other competitive sports103. However, supporting data in runners is lacking. It is 

also conceivable that the emotional state of a runner may greatly alter gait mechanics. Although 

very limited data exist supporting quantitative outcomes, Otter et al.99 found that negative life 

events reduce running economy in the weeks following an overuse injury. Specifically, runners 

required higher oxygen consumption at the same workload after a negative life event compared to 

before the event (VO2 ml/min; 3,820 ± 659.6 vs 3,689 ± 666.4; p < 0.001)99. There also appears 

to be positive psychological influences that could alter each runner differently. Specifically, 

social support provides a small buffering effect on injury risk to some but not all runners103. 

These findings suggest that psychosocial variables are multifactorial and likely influences the risk 

of injuries in runners differently.   

A study of 572 runners revealed that significant life changes and increases in stress levels 

(no matter what the cause) were associated with more frequent injuries104. The authors were quick 

to note that with this study design the contrary could also be true; running injury could be leading 

to higher stress levels. Conversely, Valliant105,106 reported in two studies of competitive and non-

competitive runners that no personality traits were significantly associated with running injury. 

While it is quite possible that psychosocial stressors, self-efficacy, and emotional states may 

affect the runner’s risk of injury or return from injury, current literature remains equivocal mainly 

due to study designs and the lack of a definitive study focused solely on runners.  

Kinetics and Joint Loading 

Ground reaction forces (GRF) are not only higher during running, but those forces must 

also be attenuated in about one-third of the time compared to walking107. While many previous 

biomechanical studies assessed total ground reaction forces, multiple researchers have 

highlighted the discrepancy between total GRF and internal forces interacting at the joint8,9,107,108. 

Indeed, newer studies confirm the most common inaccurate assumption by previous researchers 

was that higher impact forces are an independent risk factor for overuse injury. Messier et al.22 



27 
 

reported from a prospective study that vertical impact peak was no different between injured and 

uninjured runners (1,038 ± 237 N vs 1,088 ± 239 N; p = 0.74). Further, Duffey et al.32 reported 

that first peak vertical force was actually higher in a control group when compared to runners 

with anterior knee pain (1.74 ± 0.04 BW vs 1.66 ± 0.31 BW; p < 0.05). Due to the convoluted 

findings with regards to GRF, some have stated that these forces cannot even be considered a risk 

factor for the development of running injuries109.  

Nilsson and Thorstensson110 demonstrated that peak vertical ground reaction forces were 

1.0 to 1.5 times bodyweight during walking but increased to 2.0-2.9 times bodyweight with 

running. Another study found comparable data with peak GRF of 3.3 times bodyweight in elite 

female runners111. As previously stated, total GRF likely does not cause overuse injury. However, 

forces at the joint are much higher and have been estimated at 5 and 14 times bodyweight for the 

ankle and knee, respectively9. Messier et al.8 used musculoskeletal model to find that peak 

patellofemoral force in runners was 4.27 ± 1.65 times bodyweight and peak tibiofemoral 

compressive force reached 10.38 ± 1.93 times bodyweight. Higher internal forces provide more 

mechanical plausibility compared to total GRF as a risk factor in overuse injury.  

Interestingly, Messier et al.8 also reported a moderately strong Pearson correlation (r = 

0.68; p = 0.001) between compressive joint forces and knee extension strength. These data 

suggest that stronger quadriceps could lead to higher compressive forces. Not only does strength 

likely change joint forces, poor hamstring flexibility has been significantly associated with higher 

knee moments8. Conversely, others112 have found that strengthening the vastus medialis by 10% 

demonstrated a small reduction (4%) in peak patellofemoral joint loads. Notably, larger increases 

in strength also led to a dose-response reduction with peak patellofemoral forces. Further, a cross-

sectional study found that women who had less eccentric and concentric quadriceps strength 

demonstrated higher loading rates during walking gait (2.21 ± 0.15 % bodyweight/ms) compared 

to their stronger counterparts (1.75 ± 0.08 % bw/ms)113. It also appears that the primary role of the 
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musculature during running is for eccentric control. Specifically, Winter114 demonstrated that the 

musculature around the knee absorbed 3.6 times as much force as they generated and noted that 

these data provide evidence for shock absorption and likely force attenuation.  

Scott and Winter9 found similar data to Messier in regards to patellar tendon force (4.7-

6.9 x BW) and patella-femoral compressive force (7.0-11.1 x BW), but added a crucial 

observation in that vertical GRF at heel-strike had no significant effect on compressive joint 

forces. These data provide more evidence that force attenuation could be occurring via the 

musculature surrounding the joint. From the literature available on joint kinetics, it does appear 

that strength and flexibility interact and alter forces at the joint. However, many biomechanical 

experts noted that improvements in the validity of dynamic models are needed to provide stronger 

evidence to the multifactorial nature of joint kinetics1,4,8,51,59,100,103–105. High internal forces are 

strongly associated with injury, but to what extent joint forces are attenuated by the musculature 

remains unclear. If higher joint forces, but not impact forces, are indeed causing overuse injury, it 

would begin to explain the mixed results.           

Adding to the complexity of joint kinetics, even small structural alterations can greatly 

alter distribution of mechanical loads. Novacheck107 discussed how footwear can change the point 

of force application while GRF remains the same. Specifically, normal running gait requires 

pressure peaks of the 1st and 2nd metatarsal to be nearly equal at toe-off. Running shoes may lead 

to a greater pressure peak in the 1st metatarsal preventing adequate pronation and re-supination. 

This redistribution of pressure during running may also contribute to overuse injury. Notably, 

fore-foot strikers typically do not have an initial vertical force peak compared to their heel-strike 

counterparts, but still have the same GRF and total load111. While point of pressure doesn’t appear 

to alter total GRF, Baltich and colleagues115 reported softer midsoles did result in larger GRF and 

stiffer lower extremity joints. Specifically, vertical impact peak increased as sole hardness 

decreased; soft (1.70 BW; p = 0.03), medium (1.64 BW; p = 0.03), and hard (1.54 BW; p = 0.03). 
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This increase in vertical impact peak could be due to a couple of possibilities; 1) the runners are 

“bottoming out” in the softer soles or 2) the softer soles lead to stiffer ankle and knee joints 

allowing higher forces to be transmitted. With either possibility, these data demonstrate that 

running shoe midsoles can have an effect on vertical GRFs. While impact forces can be altered by 

foot strike patterns and shoe soles, foot wear does not fully explain the large increase in internal 

forces observed during running.  

While strength and flexibility of the musculature around the joint is the most studied with 

regard to kinetic alterations, many other variables are likely to contribute. Namely, running pace 

appears to change kinetics differently between joints. Petersen et al.116 reported increases in 

running speed from 7.96 to 15.91 km/hr led to peak ankle plantar flexion moment increases of 

0.74 Nm/kg (95% CI; 0.64 – 0.85) compared to only 0.52 Nm/kg (95% CI; 0.42 – 0.63) in knee 

extension torque. Authors concluded that higher running velocities placed greater mechanical 

load on the ankle compared to the knee. High levels of internal forces on the joint is likely an 

etiology of overuse, but more work and better models are needed to confirm these findings.                

Biomechanical Knee Model 

Inverse dynamics and forward dynamics have emerged to quantify joint forces. There are 

many advantages with both models. With inverse dynamics, external forces are measured via a 

force plate (kinetics) while simultaneous collection of joint motion (kinematics) occurs. These 

measured ground reaction forces allow precise calculation of net joint forces and moments by 

utilizing Newtonian mechanics117. Reduction techniques can then be applied to each joint 

determining individual muscle and ligament forces118, and the calculations for inverse dynamics 

are inexpensive and easy to validate. Forward dynamics measure muscle activity through 

electromyography (EMG), which provides internal forces without measured ground reaction 

forces117. EMG measurements also allow researchers to identify magnitude and recruitment 

patterns of the involved musculature. In theory, forward dynamics could predict ground reaction 
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forces with alterations in muscle activity and internal forces. However, inverse dynamics are still 

needed to verify these values.     

Musculoskeletal models, while a very useful tool, do have some limitations. Specifically, 

inverse dynamics has limitations when estimating joint forces because it becomes exceedingly 

complex to estimate forces with multiple muscles acting on the same joint. Inverse dynamics also 

results in a net force for the joint, which isn’t a completely accurate depiction as some muscles 

have different insertion points and can also work synergistically58. Moreover, inverse dynamics 

lack the capability to predict joint forces with alterations in muscle forces acting on that joint. 

However, it is still difficult to accurately predict ground reaction forces with forward dynamics. 

This occurs mainly because making adjustments throughout the model reduces both validity and 

reliability117. Forward dynamics have additional limitations of estimating ground reaction forces, 

complexity, and difficulty validating. Notably, Buchanan et al.58 discussed strengths and 

limitations between inverse and forward dynamics. That study concluded a “hybrid” approach of 

combining the precise calculations of the torque driven inverse model and the predictive 

capability/muscle activation of the forward model could provide the best data as each model 

would validate the other58.   

Dynamic models should continually be improved to account for the complex interplay of 

anatomy on joint forces. Mixed results, differing methodology, and weak study designs have 

convoluted evidence supporting or refuting kinetic data. However, one biomechanical-

neuromuscular model developed by DeVita and Hortobagyi118 has been successfully applied to 

multiple published biomechanical studies. Messier and DeVita research groups have applied this 

model during locomotion in many populations including; individuals with orthotic limited 

function118, knee osteoarthritis119–126, class III obese adults127, and previously healthy 

runners8,22,23,128. Details of this model are further discussed in methodology and here118,121.     
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By applying this mechanical model, Messier et at.119 and DeVita and Hobortobagyi118 

found tibiofemoral compressive forces ranging from 2.8 to 6.0 times BW during walking gait. 

These findings are comparable to other published inverse dynamics models. Specifically, Glitsch 

and Baumann129 reported that walking gait resulted in knee joint forces of nearly 5 times BW. 

Moreover, Glitsch and Baumann’s model reported over 10 times BW of knee compressive force 

during running. These data were again comparable to the DeVita knee model with normal weight 

runners demonstrating 10.38 ± 1.93 times BW of tibiofemoral compressive force as reported by 

Messier and colleagues8. In a different study, Messier et al.125 reported test-retest reliability of 

walking gait data in 21 osteoarthritic subjects using intra-class correlation coefficients (ICC). 

Day-to-day ICC results showed excellent reliability ranging from 0.86–0.98 for all gait variables.  

While acknowledging that differences between walking and running gait are extensive, 

the DeVita knee model has been applied to both forms of locomotion. More recently, Bowersock 

et al.128 used the DeVita knee model in a population of 19 healthy runners to assess the effects of 

step length and strike pattern on tibiofemoral joint forces. Interestingly, the model in this study 

was improved to not only assess total joint compressive forces, but to distinguish between medial 

and lateral compressive forces in the knee. Indeed, this separation between medial and lateral 

forces have also been applied to the osteoarthritic population124 and demonstrate that the model is 

being continually updated and improved. Messier et al.22 reported in 300 runners that bone-on-

bone tibial compressive forces were 9.7 times BW and vertical ground reaction forces peaked at 

2.3 times BW. These findings are comparable to previous data on both internal forces9 and 

vertical ground reaction forces110. Interestingly, this study found no statistical difference between 

injured and non-injured runners with regard to tibial (6,722 ± 1,578 vs 7,081 ± 1,551 N; adjusted 

p = 0.68) or patellofemoral (2,911 ± 951 vs 3,074 ± 901 N; adjusted p = 0.75) compressive 

forces22.       
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Messier and colleagues124 further validated this model by comparing it alongside 

measured data by Fregly’s in vivo model, which is the current gold standard of joint forces. 

Fregly130 recently published data on knee forces by measuring internal kinetics during walking 

gait using an instrument prosthesis. When biomechanical data from Fregly’s participants were 

applied to DeVita and Hortobagyi’s estimated model, the comparison resulted in very similar 

outcomes with force differences of 7% during the 1st compressive peak and 3% during the 2nd 

compressive peak124. Results of this comparison are 

seen in Figure 5. This comparison, along with 

similar internal forces reported by other inverse 

models, has strengthened the confidence of 

researchers concerning the validity of 

biomechanical data. Based on the available 

literature, the DeVita and Hortobagyi knee model 

provides both reliable and valid mechanistic data.  

 

 

 

 

 

 

 

 

 

Figure 5; Measured and Predicted Knee 

Forces Adapted from Messier et al.121  

  

Measured and Predicted Knee Forces 

Adapted from Messier et al.121  
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Rationale, Purpose, and Hypotheses 

The Runners and Injury Longitudinal Study Injury Recovery Supplement (TRAILS-IR) 

grant was a follow-up period to a recently published study by Messier et al.22 involving both 

injured and non-injured runners. The TRAILS-IR grant added several key aims. This study 

examined two aims for that grant. The first being whether potential chronic defects in muscle 

strength and gait biomechanics persist after pre-injury mileage had been attained. The second aim 

was to examine the influence of an overuse injury on psychosocial well-being and pain.     

Currently, there is a scarcity of biomechanical, physiological, and psychosocial data 

evaluating recovery in injured runners. Recovery was defined as returning to pre-injury training 

mileage. Physically, if these runners are not at pre-injury levels, they could be at increased risk 

for a secondary injury or possibly long term disability. From a psychosocial standpoint, each 

runner may be affected by the injury differently and have reduced quality of life or increased risk 

for subsequent injuries. Therefore, the purpose of this study was to evaluate the recovery of 

injured runners with regards to training behaviors, biomechanical, physiological, and 

psychosocial variables when they returned to pre-injury mileage. A secondary aim of this study is 

to document normal variation in non-injured runners over 18-24 months.  

Noehren et al.131 found a direct relationship with running mechanics and pain levels of 

runners with patellofemoral pain. From those findings, it can be speculated that injured runners in 

this cohort may have reached pre-injury mileage as a result of reduced pain associated with an 

improved condition. These improvements in pain could be derived from a return to pre-injury 

levels in gait mechanics, strength, flexibility, and psychosocial well-being. Further, Samson100 

found that injured marathon runners had decreases in self-efficacy 1 week after the injury, but 

returned to baseline after 2 weeks. Hence, the hypothesis of this study is that when injured 

runners return to pre-injury weekly mileage, all mechanistic and clinical outcomes will be at pre-

injury values. 
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Methodology and Instrumentation 

Study Design 

The Runner’s and Injury Longitudinal Study (TRAILS) cohort was a 24-month 

prospective observational study22. The current study is known as TRAILS – Injury Recovery 

(TRAILS-IR). TRAILS-IR was a 12-month recovery period for runners sustaining a grade 2 or 3 

injury during participation in TRAILS. A non-injured group of TRAILS participants was used for 

comparison.  

Study Timeline 

Participants who responded to recruiting efforts and successfully completed an eligibility 

questionnaire during the pre-screening visit were enrolled into the TRAILS cohort. Baseline 

measurements for behavioral, biomechanical, physiological, and psychosocial variables were 

obtained during the initial TRAILS visit collected in two successive screening visits. A complete 

diagram of the study timeline is shown below in Figure 6. 

Screening Visit 1 and 2  

Voluntary informed consent and explanation of the study were obtained for the TRAILS 

study. Included in the informed consent was the injury recovery component should a runner 

suffer an overuse injury during the 24-months of the observational period. Assessments in the 

first visit included medical history, training behavior, injury history, demographics, medications, 

and anthropometric measurements. Hip, knee, and ankle strength were also assessed via an 

isokinetic dynamometer. Psychosocial well-being and three-dimensional gait analysis data were 

obtained during the second visit.  
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TRAILS Injury Visit 

After baseline measurements, runners participating in TRAILS were emailed bi-weekly 

regarding any possible running related injury during the previous two weeks for a 24-month 

observational period. Runners who suffered an overuse injury were enrolled in the injury 

recovery protocol. Notably, the informed consent for the first participants of TRAILS (N = 184) 

did not include the injury recovery supplement. The injury recovery supplement was included in 

the initial TRAILS informed consent for the remaining recruitment (N = 116). Study staff 

Figure 6; Study Timeline  

Primary Aim 
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explained the injury recovery supplement and obtained voluntary informed consent during the 

TRAILS Injury Visit if not obtained at baseline. Within 1 week of reporting a grade 2 or grade 3 

overuse injury, study staff scheduled the injured runner for an appointment with the study 

physician to complete a medical evaluation. Financial costs were covered for any imaging 

techniques if needed for diagnostic purposes. Runners were also given the option of receiving one 

free physical therapy evaluation.  

Injury Recovery Supplement: Follow-up Visit 1: (FU1IR)  

After being enrolled into the injury recovery study and evaluated by the physician, 

participants received bi-weekly emails regarding returning to running. Specifically, the runner 

reported to the study staff when weekly running had returned to pre-injury mileage. Recovery was 

defined as returning to pre-injury training mileage. The runner was then retested via two Injury 

Recovery Follow-up Visits. Medications, flexibility, training history, and 3-D gait analysis were 

all reassessed in the first follow-up visit.  

Injury Recovery Supplement: Follow-up Visit 2: (FU2IR) 

This visit consisted of isokinetic strength measurements (hip, knee, and ankle) and psychosocial 

questionnaires focused on anxiety, quality of life, and well-being.  

Definition of Injury 

Overuse injury was defined as non-acute trauma to the lower extremity not caused by an 

external event that produced pain or discomfort and 1) reduced weekly mileage or training 

intensity, 2) prevented running for at least one week, or 3) required medical attention22. Overuse 

running injuries were then categorized; Grade 1, maintained full activity in spite of symptoms; 

Grade 2, reduced weekly running mileage; and Grade 3, interrupted all training for at least 2 

weeks as previously established by Marti et al.24. The study physician verified all injuries. 

Notably, Grade 1 injuries were excluded in this study.  
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Participants 

Recruitment and Population  

Recruitment for the original cohort of TRAILS can be found elsewhere22. Briefly, a 6-

month recruitment effort was conducted for both male and female runners from the greater 

Winston-Salem, North Carolina running community. The core of the recruiting effort was 

advertisements in local and regional media including; newspapers, online advertisements, running 

club newsletters, running journals, and flyers at multiple locations (running stores, local road 

races, and workout facilities).   

Inclusion and Exclusion Criteria  

Male and female runners were included in this study if they were; age 18-60 years, 

running at least 5 miles per week, living within 200 miles’ roundtrip of Wake Forest University, 

planning to stay in the area for 24 months at the time of enrollment, injury free for at least 6 

months, and training at enrollment was unaffected by previous injury. Runners participating in 

the original TRAILS cohort were then recruited for this study (TRAILS-IR) if; 1) they suffered 

an overuse running injury during the 24-month observational period, or 2) they were uninjured 

during the 24 months serving as a comparison group. Runners were excluded from the original 

TRAILS cohort if they had a diagnosed chronic muscular or skeletal disease (arthritis, 

osteoporosis, multiple sclerosis, and heart disease), orthopedic conditions (ACL tears, 

reconstructive joint surgery, joint replacement), pregnant, unwillingness to attend testing sessions, 

or had no interest.     

Data Collection 

Anthropometrics 
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Lower extremity flexibility and Q-angle were measured using a Nikon Coolpix L22 12.0 

Megapixel digital camera with anatomical markers placed on identifiable structures. Three trials 

were collected for quadriceps, hamstrings, plantar flexion, and dorsiflexion flexibility on both 

limbs. Further, representative values for flexibility were calculated from the average of three 

trials. Each digital photograph was taken level with the participant with a standard distance, 

perpendicular to the sagittal plane, and during maximal range of motion. NIH ImageJ software 

was used to calculate angles and areas.  

Quadriceps flexibility was measured as maximum 

knee flexion without hip flexion. The participant was 

instructed to lie in a prone position with a strap placed over 

both thighs and fixed onto the examination table. The 

participant was instructed to maximally flex at the knee with 

one leg and hold the position until a photograph could be 

obtained. Hamstrings flexibility was measured with the 

participant placed in a supine position with one limb placed in 90º of hip flexion as shown in 

Figure 7.  A strap was placed over the contralateral limb to prevent hip flexion, and the 

participant was instructed to fully extend the leg of the unrestrained limb. Anatomical markers for 

both quadriceps and hamstring flexibility were the lateral malleolus, lateral femoral condyle, and 

greater trochanter.  

For ankle flexibility, the participant was instructed to place one foot into an L-shaped 

wooden box with the calcaneus touching to ensure a neutral position (90º angle). The box was 

then removed, and the participant was instructed to move that foot into maximum plantar flexion 

so an image could be obtained. The participant was then instructed to move the same foot into 

maximum dorsiflexion. This was repeated for three trials on both limbs and averaged. Markers 

Figure 7; Hamstring Flexibility  
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for ankle flexibility consisted of the lateral malleolus, lateral femoral condyle, and the 5th 

metatarsal head.  

Q-angle was measured with the participant standing on a standardized foot template with 

anatomical markers placed on the anterior superior iliac spine (ASIS), midpoint of the patella, and 

the tibial tuberosity. The angle was calculated by the intersection of 

two lines connecting the mid-point of the patella to the ASIS 

superiorly and the tibial tuberosity inferiorly as shown in Figure 8.   

Arch height was measured by obtaining an ink marked 

footprint divided into thirds but not including the phalanges. The 

middle third of the footprint was divided by the total area to yield an 

arch index. Participants were weighed then ask to apply pressure with 

one foot to an ink pad positioned on a calibrated scale. Gradually, 

more pressure was applied to the foot print until no greater than ½ of bodyweight was reached. 

This technique is described in detail here132.              

Physiological Measurements 

Muscular strength was measured using a Kin-Com 125E isokinetic dynamometer. The 

final participants were collected via a second isokinetic dynamometer (Humac Norm). A pilot 

study was conducted on 8 subjects using three repeated measures to compare differences between 

outcome measures of the Kin-Com and Humac Norm. This fixed-effect model of regression 

analysis revealed no statistical difference between dynamometers. More details about the pilot 

study is described here22. Right and left legs were alternated for each participant to limit fatigue 

or testing effects. The order of testing for the knee and ankle joint was also alternated for each 

successive participant. Prior to testing, the participant warmed-up with an activation force of 50% 

maximal voluntary contraction. This acquaintance technique was repeated for each muscle group. 

Figure 8; Q-angle 
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Participants were instructed to provide maximal effort with verbal encouragement from the test 

administrator. Two reproducible trials were then averaged from a maximum of 6 trials at each 

condition. Trials were separated by rest intervals of 60 seconds. Torque (Nm) was then converted 

to force (N) by dividing by the length of the participant’s leg length.  

Concentric knee flexion and extension strength was assessed at an angular velocity of 

60º/sec. The participant was securely fastened to the testing chair with a waist and shoulder 

harness. Hands were placed across the chest, the dynamometer axis was aligned with the knee, 

and a resistance pad was attached on the anterior and posterior shank proximal to the ankle. Leg 

weight at 45º was used to negate gravity-effect torque. A joint arc of 90º to 30º was used to test 

muscle extensor and flexor strength with 0º representing full extension. However, 10º was 

removed off of the beginning and end of the trial to account for the dynamometer’s acceleration 

changes possibly resulting from inconsistent effort. Average torque was then calculated between 

angles of 40-80º.  

Plantar flexor and dorsiflexor strength was measured with a similar protocol to the knee 

but through a range of 15º plantar flexion and 15º dorsiflexion. The foot was securely fastened 

with the ankle joint’s axis of rotation centered on the isokinetic dynamometer. Trials of plantar 

flexion were alternated with dorsiflexion with 60 seconds of rest in-between. For ankle strength, 

the first and last 5º of the arch was removed to reduce possible inconsistent effort and an angular 

velocity of 60 º/sec was again used.   

Maximal hip abductor isometric strength for both legs were assessed over 3 seconds with 

the leg parallel to the ground (0º). Abductor concentric strength was also measured with an 

angular velocity set at 30º/sec. The participant was positioned lying on their side with a resistance 

pad placed and secured above the knee on the lateral thigh. The dynamometer axis was aligned 

with the hip and gravity-effect torque was negated by leg weight of the testing limb when parallel 

to the ground. The joint arc was measured from 0-30º (0º being neutral). In order to account for 
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acceleration and deceleration, the first and last 5º of arch range-of-motion were deleted leaving 5º 

to 25º for analysis. 

Biomechanical Gait Analysis  

 Lower extremity mechanics were analyzed from kinematic and kinetic data. Kinematics 

were captured using a three dimensional 6-camera motion capture system (Motion Analysis 

Corporation, Santa Rosa, CA). Sampling rates were set to 200 Hz and synchronized with two 

strain-gauge force platforms (OR6-5-1; Advanced Mechanical Technology, Inc., Watertown, 

MA), which sampled kinetic data at 480 Hz. Participants wore their personal running shoes and 

were instructed to run their average training pace on a 22.5 m runway during motion capture. 

Running speed was monitored using a Lafayette Model 63501 photoelectric control system 

interfaced with digital timekeeping 4.0m apart. Three successful trials were averaged for each leg. 

A successful trial was defined as; average reported running speed ± 3.5%, full foot strike on the 

force platform, and not targeting the force plate. A set of 33-reflective markers was attached to 

each runner in the Cleveland Clinic full-body configuration. In addition, fifteen markers were 

placed on the rear-foot and shank to calculate rear-foot motion. The integrated motion capture 

system allowed simultaneous capture of kinematic and kinetic data collected on a central 

computer database. Figure 9 below provides a depiction of the system. 

Kinematic and 3-D temporal data was collected, organized, smoothed, and edited using 

EVaRT 4.6 software (Motion Analysis Corp, Santa Rosa, CA) on a computer with Butterworth 

lowpass filter set to a cut-off frequency of 6 Hz (Gateway GT5220, Gateway, Inc., Irvine, CA). 

Orthotrak 6.0 Beta4 (Motion Analysis Corp, Santa Rosa, CA) and Kintrak (Version 6.2, Motion 

Analysis Corp, Santa Rosa, CA) clinical gait software were then used to calculate outcome 

variables, such as; rear-foot motion, rear-foot motion velocity, tibial rotation, and knee flexion 

and extension range of motion.  
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Kinetic data were obtained during foot strike on the force platform. Specifically, vertical 

and anteroposterior ground reaction forces were obtained to calculate kinetic outcomes using a 

biomechanical model. All motion capture data were checked and edited by the biomechanics lab 

technician. Further, the lab technician ensured all anatomical markers were evaluated and 

correctly labeled. If a marker was missing, a cubic spline mathematical model was used to 

connect data points. A programming code was also developed to calculate joint moments and 

forces by way of an inverse dynamics model. Smoothed coordinate data along with ground 

reaction, gravitational, and inertial forces informed the inverse dynamics model to calculate 3D 

moments and forces at the hip, knee, and ankle joints.  

 

 

Biomechanical Knee Model and Compressive Force 

Compressive force outcome data were calculated via a previously established knee 

model. This model was developed by DeVita and Hortobagyi118 for compressive, shear, and 

resultant joint forces within the tibiofemoral compartment of the knee. Notably, this model is 

torque-driven in that external joint torques are used to determine muscle and ligament forces. 

Compressive force data were obtained for this study using two components. First, a three 

Figure 9; 3-D Gait Analysis and Motion Capture System  
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dimensional gait analysis collected kinematic and kinetic data to enable inverse dynamics 

calculations of joint reaction forces and moments at the ankle, knee, and hip. Second, joint 

reaction forces and moments along with relative anatomical and kinematic data were applied to 

calculate individual muscle, lateral support structure, and reactions forces. Those data outcomes 

enabled maximum knee compressive forces to be calculated via Equation 1 described below.     

For the first component, lower extremity segments were represented as a rigid linked 

system. Body segments were estimated from a mathematical model133 and relative segmental 

masses reported by Dempster and Gaughran 134. These values along with the individual’s 

anthropometrics provided magnitude and location of segmental mass, mass centers, and 

segmental moments of inertia. Ground reaction forces collected during gait analysis were then 

applied to the subject’s foot at the center of pressure. Next, inverse dynamics using both linear 

and angular Newtonian equations were applied to calculate ankle joint reaction forces and 

moments during stance phase. External moment calculations were then applied to the remaining 

lower extremity working from the most distal segment up the kinetic chain; ankle, knee, then hip.   

For the second component, forces from the three largest muscles of the knee and lateral 

collateral ligament are combined with knee joint reaction forces to determine bone-on-bone 

forces. Specifically, the muscles and lateral soft tissue support are; quadriceps (Q), hamstrings 

(H), gastrocnemius (G), and lateral ligamentous tissue (Lss) forces. Each muscle force was 

accompanied by an angle relative to that force. Gastrocnemius force is applied at 𝜶 (near parallel 

to the tibia), hamstring force is applied by 𝜷 (almost perpendicular to knee joint compressive 

force), and quadriceps force uses 𝝋, which is an acute angle to knee joint compressive force. 

Each respective angle can be seen in Figure 10. Notably, ligamentous tissue does not have a 

reference angle. Knee joint reaction force also consists of vertical (Kz) and horizontal (Ky) 

components. Finally, all muscle forces, lateral support structures, and joint reaction forces are 

then placed into Equation 1 and summed for joint compressive force (Kc). 
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Equation 1: Joint Compressive Force  

𝑲𝒄 = 𝑮 cos 𝜶 + 𝑯 cos 𝜷 + 𝑸 cos 𝝋 – 𝑲𝒛 cos λ + 𝑲𝒚 sin λ + 𝑳𝒔𝒔 

Where: 

KC = Knee Joint Compressive Force 

G = Gastrocnemius Force 

H = Hamstring Force   

Q = Quadriceps Force 

KZ = Vertical Joint Reaction Force  

Ky = Horizontal Knee Joint  

Reaction Force 

Lss = Force in Lateral Support Structure 

Knee Stiffness 

 Maximum knee stiffness was calculated during the first 50% of stance phase when 

maximum change in extension moment and maximum change in knee angle occurred within 10% 

of one another. Knee stiffness is determined by dividing the change in internal knee extension 

moment by the change in knee angle. This can be seen in mathematical equation 2. Participants 

were instructed to run their normal training pace (± 3.5%) while kinetic and kinematic data were 

simultaneously recorded. Knee moments were calculated via Newtonian equations and inverse 

dynamics from ground reaction forces captured by two strain-gauge force platforms. Further, 

kinematic data were captured via a 6-camera 3-D motion capture system. EVaRT software was 

used to calculate knee joint angles throughout the stance phase of the gait cycle. Changes with 

internal knee extension moment and knee joint angle were then applied to the equation below.      

Equation 2; Knee Stiffness  

Figure 10; Biomechanical Knee Model 

Adapted from DeVita and Hortobagyi115     
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Kjnt = ΔM / Δθ   Units = Newton*meter/degree 

Where; Kjnt = Knee Stiffness; ΔM = Change in Extension Moment; Δθ = Change in Joint Angle  

Training Behaviors and Injury History    

Questionnaires were administered at baseline to acquire information on previous training 

behaviors. Information was collected on past injuries, weekly training mileage, number of years 

running, average pace, type of runner (competitive or recreational), time spent cross training, time 

spent running on different surfaces (asphalt, concrete, track, treadmill, or trials), type of shoe, 

shoe mileage, and stretching behaviors.  

Injury information was obtained using an injury report questionnaire. The report was 

administered when a runner reported an injury to study staff during bi-weekly injury reports and 

assessed the following location of current injury, type of pain, symptoms, time of onset, self-

treatment, any diagnosis by a physician, and if the injury had happened before.   

Psychosocial Variables  

Runners Adherence Self-Efficacy  

Self-efficacy of the participant to continue running at their current pace for periods 

ranging from 1 to 8 weeks was assessed. The confidence in one’s ability to maintain this behavior 

is an important predictor in continuing running22. Runners chose how confident they were for 

each week on a scale ranging from 0% to 100% in increments of 10. A score of 100% would 

indicate the runner was highly confident in their ability to adhere to a running regiment. This 

questionnaire was adapted from a previously established and valid exercise self-efficacy scale135. 

Recently, McAuley et al.101 reported internal consistency of the Exercise Self-Efficacy scale 

(EXSE) at Cronbach's alpha > 0.93.   

Positive and Negative Affect Schedule (PANAS) 
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Positive and negative affect were assessed via a 20-item questionnaire. The PANAS is a 

validated measurement tool focusing on affect over the past week. Scores were based on a Likert 

scale of 1 = very slightly or not at all, 2 = a little, 3 = moderately, 4 = quite a bit, and 5 = 

extremely. Watson et al.136 reported the PANAS has strong validity in measures such as general 

distress and dysfunction, depression, and state anxiety. Specifically, Cronbach’s alpha coefficient 

was 0.86 to 0.90 for positive affect subscale and 0.84 to 0.87 for negative affect subscale.    

12-Item Short-Form Health Survey (SF-12) 

Physical and mental health-related quality of life was assessed using the SF-12, which is 

a 12-item self-report questionnaire. Perceived health was measured with the mental subscale and 

functioning via the physical subscale. Scores ranged from 0 (low) to 100 (high). Ware and 

colleagues137 reported R-squares of the SF-12 were 0.911 (physical) and 0.918 (mental) compared 

to the physical and mental components for the larger SF-36, respectively. The SF-36 has been 

established as a reliable and valid scale.   

Satisfaction with Life (SWL) 

The SWL is a 5-item questionnaire serving as a runner’s global judgement of life 

satisfaction. The scale was developed and validated by Diener et al.138 and allows individuals to 

weigh the important life domains according to their own standards. Participants rate the degree to 

which they agree or disagree with each item ranging from 1 (strongly disagree) to 7 (strongly 

agree). A total score of 5 would be extremely dissatisfied while 35 represents extremely satisfied.  

State-Trait Anxiety Inventory Scale (STAI-S) 

Runners were asked different questions focusing on both anxiety and calmness that they 

currently feel via a 20-item questionnaire. A 4-point scale ranging from “almost never” to 

“almost always” was used to determine a score for each item. Total points were calculated with a 

score of 80 indicating “very much” anxiety, while 20 represented “no anxiety at all”. Spielberger 
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and colleagues139 reported considerable evidence exists to the construct and concurrent validity. 

Specifically, internal consistency coefficients performed range from 0.86 to 0.95 and test-retest 

reliability coefficients ranged from 0.65 to 0.75 over two months.     

Visual Analog Scale (VAS) 

Physical pain was assessed using a 0 (no pain) to 10 (extreme pain) scale.  

Statistical Analyses 

 This study utilized baseline and follow-up data from 174 participants that were part of the 

original cohort in TRIALS22. Baseline characteristics for both injured and control groups were 

expressed as means and standard deviations. Descriptive statistics and visualization were first 

used to summarize the data. A principal components analysis was utilized as an intermediary step 

enabling variable reduction. Principal component analysis is widely used and accepted as a 

dimensionality reduction technique140. In short, principal components search for linear 

combinations from the original variables that can effectively represent the greatest variation 

within each measurement and reduce redundant values140. Baseline data from both injured and 

non-injured groups were used to establish baseline principal component values. 

Prior to principal component analysis, a correlation matrix revealed that with-in group 

variables were significantly correlated. Principal component analysis was performed for kinetics, 

kinematics, strength, training behaviors, and psychosocial quality of life. Kinetics principal 

components consisted of the following original variables; impact peak, maximum vertical ground 

reaction force, vertical impulse, maximum braking and propelling force, braking and propelling 

impulse, maximum and average loading rate, knee abduction moment, tibiofemoral and 

patellofemoral compressive force, knee extension moment, peak knee power absorption, negative 

work during stance, and maximum knee stiffness. Kinematics principle components included 

touchdown inversion angle, maximum eversion angle, eversion range of motion, velocity of 
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eversion, maximum knee flexion, forefoot adduction, and strike index. Original variables in the 

strength principal component were knee extensors and flexors, hip abductors, and plantar flexors. 

Training behavior components included weekly mileage, hours running on hills and crowned 

roads, and training pace. Psychosocial quality of life principal components was satisfaction with 

life, mental and physical components of the SF12, and positive and negative affect scores. As a 

general rule of thumb, 80% of the variation should be accounted for by three principal 

components141. If at least 75% of the variation was not account for by three components or less, 

individual variables were assessed. Individual variable in the presented analysis were knee 

stiffness, adherence self-efficacy, physical component of the SF-12, and total eversion range of 

motion. All flexibility measures for the quadriceps, hamstrings, dorsiflexion, plantar flexion 

range of motion were analyzed as individual variables.    

 A linear model was used to assess differences across time in non-injured runners as part 

of the secondary aim. Years running and time from baseline were covariates in this first linear 

model. The subsequent analysis used a multiple linear regression, which compared changes 

between injured and non-injured groups. Covariates in the multiple linear regression were 

specific to the variable analyzed. Covariates were the same variable in the non-injured group, 

total years running, and time from baseline. Time during the injury was also adjusted for injured 

runners. Significance was set at P < 0.05. If differences were significant within a principal 

component, the heaviest weight variable was identified and further analyzed via a paired samples 

t-test (P < 0.05). All analyses were conducted using SAS v9.4.        
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Results  

 This study included 174 participants. Injured runners (N = 102) accounted for the 

majority of the sample. Runners (N = 72) who were enrolled in the TRAILS prospective study for 

18-24 months and that did not suffer an overuse injury constituted the non-injured group. Females 

comprised 47% (N = 48) of the injured group and 35% (N = 25) of the non-injured. Average 

length of time running for both groups was 11.7 ± 9.7 years and average age was 41.6 ± 10.2 

years. Refer to Table I for full selected demographics.      

Table I: Selected Demographic and Training Behaviors 

    

 Injured Runners 

(N = 102) 

Non-Injured 

Runners (N = 72)  

All Runners 

(N=174)  

Characteristic Mean (% or SD) Mean (% or SD)  Mean (% or SD)  

Gender (% female) N= 47.0 (46.1%) N= 25.0 (34.7%) N= 72.0 (41.4%) 

Race (% white) N= 96.0 (94.1%) N= 67.0 (93.1%) N= 163 (93.7%) 

Age 42.4 (10.3) 40.5 (10.0) 41.6 (10.2) 

Height, m 1.72 (8.7) 1.7 (9.4) 1.7 (8.9) 

Weight, kg 71.8 (13.7) 72.3 (13.0) 72.0 (13.4) 

BMI, kg/m*m 24.0 (3.4) 24.0 (3.0) 24.0 (3.2) 

Miles/week 19.6 (11.9) 20.8 (15.9) 20.1 (13.7) 

Training Pace, min/mile 9.1 (1.2) 8.8 (1.1) 9.0 (1.2) 

Years Running 10.6 (9.8) 13.4 (9.4) 11.7 (9.7) 

 

Principal Component Analysis 

 A Principal component analysis (not shown) was applied to all subgroups of the data. 

Kinetics components included ground reaction forces and knee stiffness; kinematics included 

eversion range of motion, training behaviors had weekly pace and mileage; and psychosocial was 

comprised of quality of life measures. A full description of individual variables within each group 

of components can be found in the statistical analysis. Criteria was set at 75% variance covered 

by three components or less. For details, refer to variance plots and eigenvalues in the Appendix. 
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Variance was covered by one component for strength and three components for kinetics, 

kinematics, and training behaviors. Flexibility variables were not well correlated preventing 

principal components from being applied. Psychosocial quality of life resulted in two components 

with adherence self- efficacy analyzed as an individual variable.   

 

Comparing Injured to Non-injured  

 Table II shows the difference of differences when the injured group was compared to the 

non-injured group. Documenting changes in non-injured group allowed a direct comparison with 

possible changes observed in injured runners. Any significant difference would indicate the 

Table II: Multiple Linear Regression Comparing Injured to Non-Injured 

 

   

Variable  Estimate P-value* 

Kinetics 1 Principal Component 0.049 0.847 

Kinetics 2 Principal Component 0.055 0.797 

Kinetics 3 Principal Component 0.276 0.083 

Kinematics 1 Principal Component -0.139 0.607 

Kinematics 2 Principal Component 0.065 0.770 

Kinematics 3 Principal Component 0.025 0.880 

Strength 1 Principal Component 0.000 1.000 

Training Behavior 1 Principal Component 0.177 0.331 

Training Behavior 2 Principal Component 0.103 0.414 

Training Behavior 3 Principal Component -0.142 0.276 

Quality of Life 1 Principal Component -0.050 0.843 

Quality of Life 2 Principal Component 0.164 0.316 

Adherence Self-Efficacy Individual Variable -4.105   0.018* 

Physical Component SF-12 Individual Variable -0.239 0.613 

Quadriceps Flexibility Individual Variable 0.764 0.461 

Hamstring Flexibility Individual Variable 0.172 0.906 

Plantar Flexion Flexibility Individual Variable -0.674 0.500 

Dorsiflexion Flexibility Individual Variable 0.352 0.770 

Knee Stiffness Individual Variable -0.406 0.144 

*Significance level P < 0.05 

**Adjusted for time during injury  

Covariates:  the same variable in the non-injured group, total years running, and time from 

baseline 
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injured group had different changes compared to the non-injured group. Adherence self-efficacy 

was significantly different between groups (P = 0.018). The estimate for adherence self-efficacy 

was - 4.104, which is the predicted change of the variable. No other individual variables or 

principle components were significantly different. In the injured group, the length of time being 

injured was adjusted for. Covariates included the change observed in the non-injured runners of 

the variable assessed, years running, and time from baseline. Alpha level was 0.05.   

 

 

 

 

Runners Adherence Self-Efficacy and Effect Size 

 Table III shows means and standard deviations of a paired T-test conducted on adherence 

self-efficacy between injured and non-injured runners. The changes in scores for injured runners 

was - 4.1 ± 13.6 compared to 0.4 ± 4.6 in non-injured. Adherence self-efficacy was a scored 

questionnaire ranging from 0 to 100. This provided a mean difference of 4.6 shown in Table IV. 

Cohen’s d was used to assess robustness of the difference between groups and was found to be 

0.45; providing a moderate effect size.   

Distribution of Adherence Self-Efficacy Scores 

Table III: Runners Adherence Self-Efficacy Paired T-Test 

 

 Number Mean SD Standard Error Min Max 

Non-Injured 71 0.4 4.6 0.5 -10 23.8 

Injured 102 -4.1 13.6 1.3 -100 20.0 

 Method Variances DOF T-Value P-value*  

 Pooled Equal 171 2.72 0.0073*  

 *Significance set at P < 0.05  

Table IV: Effect Size for Adherence Self-Efficacy 

 

 Mean Difference  Pooled SD Effect Size 

Cohen's d 4.6 10.8 0.45 
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The differences in distribution of self-efficacy scores between injured and non-injured 

runners are shown in Figure 11. The scale reports individual runner’s changes between baseline 

and recovery. A score of 0 would indicate no change.  

 

24-Month Changes in Non-Injured Runners 

 This analysis documented changes observed during a 24-month period in the non-injured 

group. Alpha level was set to 0.05 for the linear model analysis in Table V. Principal components 

for kinetics 1, kinetics 3, and kinematics 1 were all significantly different from baseline to follow-

up. Total eversion range of motion was identified as the heaviest weighted eigenvalue (56% 

variance) for kinematics 1, and knee stiffness was the heaviest eigenvalue (60% variance) for 

kinetics 3. Refer to the appendix for all eigenvalues. Kinetics 1 (P = 0.024) had an estimate of – 

0.039. Total eversion ranges of motion (P = 0.022; estimate = 0.073) was different at follow-up 

compared to baseline. Remaining variables in the non-injured group did not have significant 

Figure 11: Adherence Self-Efficacy  

Change in Adherence Self-Efficacy 
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changes. Total eversion was further assessed using a paired t-test (Table VI), which revealed an 

increase in range of motion of 1.0 ± 2.7 degrees (P = 0.003). 

Table V: Linear Model Analysis for Differences in Non-Injured Runners Across Time 

Baseline – Follow-up** 

   

Variable  Estimate P-value* 

Kinetics 1 Principal Component -0.038   0.024* 

Kinetics 2 Principal Component 0.002 0.911 

Kinetics 3 Principal Component 0.020   0.025* 

Kinematics 1 Principal Component -0.039   0.016* 

Kinematics 2 Principal Component 0.026 0.063 

Kinematics 3 Principal Component -0.005 0.665 

Strength 1 Principal Component 0.002 0.865 

Training Behavior 1 Principal Component -0.019 0.124 

Training Behavior 2 Principal Component 0.002 0.800 

Training Behavior 3 Principal Component -0.001 0.933 

Quality of Life 1 Principal Component 0.001 0.940 

Quality of Life 2 Principal Component 0.007 0.413 

Adherence Self-Efficacy Individual Variable 0.038 0.453 

Quadriceps Flexibility Individual Variable -0.015 0.849 

Hamstring Flexibility Individual Variable -0.139 0.173 

Plantar Flexion Flexibility Individual Variable -0.008 0.895 

Dorsiflexion Flexibility Individual Variable -0.057 0.304 

Knee Stiffness Individual Variable -0.006 0.713 

Total Eversion Range of Motion Individual Variable 0.073   0.022* 

*Significance level P < 0.05 

**Adjustments: years running and time from baseline 

 

Table VI: Total Eversion Range of Motion Paired T-Test 

Number Mean Standard Deviation Standard Error Min Max 

65 1.0 2.7 0.334 -3.700 9.988 

Degrees of Freedom T-Value P-value*    

64 3.130 0.003    
 

 

 

 



54 
 

Discussion 

 The purpose of this study was to evaluate the recovery of injured runners. Recovery was 

defined as attaining pre-injury mileage. This is the first study to assess biomechanical outcomes, 

strength, flexibility, quality of life measures, self-efficacy, and training behaviors in injured 

runners once they recovered. The overarching goal of running injury research is to identify 

possible variables influencing either the injury or recovery; however, data on the recovery process 

in injured runners is lacking. Nielsen et al.12 assessed the recovery of injured runners. That study 

included average time to recovery, but no biomechanical, physiological, or psychosocial data 

were included.  

Our recovery data suggested that injured runners did not have a full recovery. Overuse 

injury had a significant impact on adherence self-efficacy. Injured runners had less confidence 

that they could continue running their pace and mileage every week for the next 8 weeks 

compared to the non-injured group. However, it is unknown for how long adherence self-efficacy 

remains decreased in injured runners after pre-injury mileage is reached. Saragiotto et al.102 

reported that runners are aware and afraid of the possibility of recurring injuries. Saragiotto also 

noted that many runners with repetitive injuries view themselves as faulty or weak. Simply by 

being in the running community, injured runners likely observed other runners suffer through 

multiple injuries and setbacks. This vicarious experience is a construct of self-efficacy that could 

explain our findings. Another important construct of self-efficacy is mastery, or previous 

experience and competence for a behavior. Without a new injury, it would be plausible that 

injured runners had lower self-efficacy for maintaining current running behaviors. Mastery may 

have been reduced or weakened in our injured runners. Based on the literature available, it is 

surprising that runners who reached previous mileage still had lower self-efficacy. Specifically, 

Samson100 found in marathon trainees that self-efficacy returned to pre-injury values a week post 

injury. It could also be that Samson’s cohort of marathon runners were more experienced or may 
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have expected some overuse injuries leading up to the event knowing that mileage would 

increase. Both of these differences could have led to greater levels of mastery in the marathon 

runners, which enabled them to return to normal self-efficacy quicker compared to our injured 

group.  

 A platykurtic distribution of adherence self-efficacy scores is noted in injured runners 

(Figure 11). However, non-injured runners maintained a normal distribution when assessing 

changes from baseline to follow-up. These data distributions indicate that there was a broad 

dispersion of changes within the injured group. It may be that individuals respond differently to 

the recovery process as some runners rebound as soon as mileage is attained, and others maintain 

decreased self-efficacy. Identifying possible mediating factors for the decrease in self-efficacy 

observed in those injured runners are of clinical interest.          

The role of self-efficacy in exercise behavior has been established in two key 

studies142,143. More recently, McAuley et al.101 concluded that exercise adherence in older adults 

was mediated through self-efficacy. This is concerning because lower self-efficacy in injured 

runners would likely cause a reduction in running adherence. Interestingly, this study observed 

about a 5% difference in adherence self-efficacy between injured and non-injured runners. The 

clinically meaningful difference for adherence self-efficacy has yet to be established, but the 

effect size may be useful to determine relevance in clinical fields. Supporting this, Page144 noted 

that any effect size greater than 0.5 is most likely clinically relevant. Cohen’s d was calculated to 

be 0.45 for our study, indicating that the difference in adherence self-efficacy in our study may be 

meaningful. Establishing a meaningful change in adherence self-efficacy is crucial for clinical 

implications. Based on these findings, clinicians should be aware of lower self-efficacy in injured 

runners and consider strategies to improve it. It may be that injured runners need psychological 

rehabilitation to fully recover from a grade 2 or 3 overuse injury. However, more studies are 

needed to confirm the most effective strategies to improve self-efficacy in this population.  
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Noehren et al.131 reported strong associations with pain and improvements in running gait 

mechanics during a rehabilitation program. Specifically, gait retraining showed improvements in 

hip internal rotation, vertical impact peak, average loading rates, and instantaneous loading rates. 

These changes were accompanied by an 86% decrease in pain. It remains unknown if pain levels 

actually changed in this study without a measurement at the time of injury, but it would make 

sense that injured runners have increases in pain during the injury and return to pre-injury levels 

at recovery. It may be that the length of time coupled with the natural recovery process in this 

study had similar effects to the rehab program of Noehren et al.131. If true, this would indicate 

runners know when they are adequately recovered from a biomechanical standpoint based on 

pain. Therefore, it is not surprising that injured runners with pre-injury pain levels exhibited an 

adequate biomechanical recovery. More studies focusing on data collection both during the injury 

and after are needed to identify mechanistic relationships between pain and proper motion.   

The injured group appeared to have an adequate biomechanical recovery compared to 

non-injured runners. Our data suggested that the mechanical variables were comparable between 

baseline and recovery. However, these results do not indicate that injured runners had normal or 

acceptable biomechanical values prior to injury. Recently, Messier et al.22 found that knee 

stiffness was significantly greater in injured runners. While greater knee stiffness may be a risk 

factor for injury, our data indicates that knee stiffness returns to those same values at recovery. 

From a clinical perspective, an adequate biomechanical recovery doesn’t indicate that gait 

mechanics are within normal ranges. These runners could still be exhibiting poor gait mechanics 

or biomechanical risk factors that was present before the injury. Our data did demonstrate that 

gait mechanics did adequately recover. Training behaviors, strength, and flexibility all 

demonstrated no significant difference between the non-injured group and the injured group. 

Some key training behaviors assessed were; hours running per week, running on elevation, and 

running surface. Saragiotto et al.102 reported in a sample of 95 injured runners that multiple 

training behaviors were believed to be strong extrinsic risk factors for injury. Many of those 
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runners thought excessive training, a lack of strength, and running on hills were likely 

contributors to injury. The data suggests training behaviors are consistent across time for 

experienced runners. 

 The injured limb of runners is weaker after injury50,145; conversely, our data indicate that 

injured runners displayed pre-injury strength levels at recovery. This would advocate that runners 

gave themselves long enough to fully recover from strength deficiencies. It is also possible that 

the overuse injuries did not decrease in strength measures, hence strength values may have never 

changed from baseline.  

 From a satisfaction of life, anxiety, pain, and affect perspective, our results indicated that 

injured runners had an adequate recovery. Russell and Wiese-Bjornstal10 reported in a descriptive 

study that injured runners frequently expressed fear, frustration, and emotional distress. Hence, 

being able to run again may assist in returning these variables to pre-injury levels. Others98 have 

shown that self-esteem is reduced in overuse injuries but not acute injuries. It is possible that our 

runners did have negative quality of life outcomes during the injury, but were back to pre-injury 

conditions once mileage was attained.   

Normal biomechanical variation over time has not been well established in runners4,45. 

This study aimed to fill the research gap by documenting changes in non-injured runners over a 

1.5 to 2-year period. Silvernail et al.146 observed when older runners (45-65 years) were compared 

to a matched cohort of younger runners (18-35 years), there were no differences in variability of 

running mechanics between groups. Conversely, we found significant changes in three 

biomechanical principal components; kinetics 1, kinetics 3, and kinematics 1. The heaviest 

weighted variable in kinetics 3 was knee stiffness at 60% variance, which was not significant (P = 

0.185). Total eversion range of motion, the heaviest weighted variable in kinematics 1, did 

change significantly from baseline to follow-up. Non-injured runners increased their eversion 

range of motion from 13.4 ± 3.6º at baseline to 14.0 ± 3.7º at follow-up. These values are still 
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within normal eversion ranges of motion reported by two studies22,42. The clinical relevance of 1 

degree of eversion is unknown. 

Kinetics 1 is an average of all kinetic variables and had a relatively small estimate of 

change. While significant, the small estimates would lead to error on the side of caution when 

interpreting significant variations in non-injured runners in the current analysis. DeVita et al.23 

previously established that older runners display changes in biomechanics when compared to 

younger matches. Perhaps changes in running mechanics are very gradual and occur over 

multiple years. Effectively limiting robust changes being detected in this study.  

Nigg et al.147 recently recommended a paradigm shift with regards to biomechanical 

outcomes in running injury research and highlighted the idea that every runner has a preferred 

movement pattern. This pattern is largely based on minimal resistance during movement and 

heavily involves individual differences in anatomy. The limited changes in the non-injured group 

may indicate that runners maintained their mechanics throughout the study. This would support 

Nigg’s recommendation of a preferred individual movement pattern for runners.  

 A key strength in this study was the prospective design allowing runners to be followed 

throughout recovery. This study is the first to provide data on the condition of an injured runner 

after returning to pre-injury mileage. The inclusion of the non-injured group enabled us to 

compare the changes between injured and non-injured runners and to document normal variation 

in non-injured runners over time. Recovery was also analyzed from an interdisciplinary approach 

and used a consistent statistical process to identify significant changes in the data. Lastly, this 

study included many well-established measurements including valid psychosocial questionnaires, 

an isokinetic dynamometer, and biomechanical outcomes using methodology with multiple 

publications.   
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 Our study was not without limitations. The current analysis used alpha set to 0.05, which 

may have led to significant findings as a result of random chance due to multiple comparisons. 

Perneger148 reported issues with the stringency of Bonferroni corrections, and concluded that it is 

likely not needed for researchers to reach reasonable conclusions about their analysis. Cohen’s d 

was calculated at 0.45 indicating a moderately robust effect and likely real change in adherence 

self-efficacy between groups. Principal component analysis is an effective tool for dimension 

reduction, but some interpretation ability is lost. This study addressed that concern by identifying 

the heaviest weight variable in significant components. Next, the criteria for recovery was defined 

as when the runner returned to pre-injury mileage. This study relied on self-reported data 

gathered during bi-weekly emails to identify when recovery occurred, possibly providing error. It 

also remains unknown if variables changed and returned or simply stayed the same over the entire 

study. Future studies should consider a prospective design with multiple testing points to 

establish if and when variables change. Lastly, it is acknowledged that finding significant changes 

in the means of the variables requires large shifts in the data. With the current analysis, it remains 

unclear how the extremes of each variable may have changed. Future studies should consider 

subgroup analysis to examine unequal distributions in the outcomes.   

Conclusion 

Results from this study indicate that injured runners did not have a full recovery. 

Adherence self-efficacy was found to be reduced in injured runners following an overuse injury.  

Biomechanics, strength, flexibility, quality of life, and training behaviors did return to pre-injury 

values. Future studies should aim to determine how long and to what extent, self-efficacy is 

decreased after an overuse injury. Psychological rehab may be needed for injured runners to fully 

recover from an overuse injury.   
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Appendix 

Kinetics 

 

 

Graph of Kinetics Variance 

 

Eigenvalue Difference Proportion Cumulative

10.5625123 8.5122643 0.6213 0.6213

2.0502479 0.8753305 0.1206 0.7419

1.1749175 0.0691 0.811

Eigenvalues of the Correlation Matrix

Variable Kinetics 1 Kinetics 2 Kinetics 3

Impact Peak, N 0.2162 0.3303 -0.2389

Maximum Vertical GRF, N 0.2777 0.0712 -0.0798

Vertical Impulse, N*s 0.2568 -0.0439 -0.0092

Maximum Braking Force, N 0.2727 0.0195 -0.0418

Maximum Propelling Force 0.2581 -0.0440 -0.1327

Braking Impulse, N*s 0.2509 -0.1259 0.0071

Propelling Impulse, N*s 0.2575 -0.1297 -0.0856

Maximum Loading Rate, N/s 0.1817 0.5016 -0.2145

Average Loading Rate, N/s 0.1842 0.4883 -0.2391

Knee Abduction Moment, Nm -0.1954 -0.1078 -0.1652

Tibiofemoral compressive force, N 0.2850 -0.1247 -0.0348

Patellofemoral compressive force, N 0.2368 -0.3242 0.0063

Max Knee Extension Moment, Nm 0.2757 -0.2002 0.0775

Peak Knee Power Absorption, W -0.2549 0.1900 0.1943

Negative Work During Stance, J -0.2567 0.2869 0.1039

Max Knee Stiffness Nm/deg 0.2129 0.1845 0.6015

Max Knee Stiffness Nm/rad 0.2129 0.1845 0.6015
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Kinematics  

 

 

Graph of Kinematics Variance  

 

 

 

 

Eigenvalue Difference Proportion Cumulative

2.52650804 0.71570604 0.3609 0.3609

1.810802 0.73771338 0.2587 0.6196

1.07308862 0.1533 0.7729

Eigenvalues of the Correlation Matrix

Variable Kinetics 1 Kinetics 2 Kinetics 3

Touchdown Inversion angle, deg 0.4489 0.4076 0.0993

Maximum Eversion angle, deg -0.1461 0.6543 0.2673

Eversion range of motion, deg 0.5621 -0.2231 -0.1548

Velocity of Eversion, deg/s -0.5780 0.0791 0.0950

Max Knee Flexion Angle, deg 0.0681 -0.1703 0.8423

Forefoot Adduction (Toe In), deg -0.0174 0.4822 -0.3645

Strike Index, % distance from heel 0.3495 0.2969 0.2081

Kinematics Principle Component Eigenvalues

Variance Explained
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Strength 

 

 

Graph of Strength Variance 

 

 

 

 

 

 

 

Eigenvalue Difference Proportion Cumulative

2.8776 0.7194 0.7194

Eigenvalues of the Correlation Matrix

Variable Strength 1

Knee Extensors, Nm 0.5279

Knee Flexors, Nm 0.5393

Hip Abductors, Nm 0.4866

Plantar Flexors, Nm 0.4401

Strength Principle Component Eigenvalues

Variance Explained

0.72

P
ro

p
o
rt

io
n

1

Principal Component

Proportion

Cumulative

Scree Plot

2.87

E
ig

e
n
v
a
lu

e

1

Principal Component



78 
 

 

Training Behaviors 

 

 

Graph of Training Behaviors Variance  

 

 

 

 

 

Eigenvalue Difference Proportion Cumulative

2.0559 1.0997 0.5140 0.5140

0.9561 0.3671 0.2390 0.7530

0.5891 0.1473 0.9003

Eigenvalues of the Correlation Matrix

Variable Behaviors 1 Behaviors 2 Behaviors 3

Weekly Mileage, miles/wk 0.6004 -0.0748 -0.0613

Running on hills, hours/wk 0.5383 0.1404 0.7604

Running on crowned roads, hours/wk 0.4571 0.5856 -0.5795

Training Pace, min/mile -0.3753 0.7948 0.2869

Training Behaviors Principle Component Eigenvectors

Variance Explained
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Quality of Life 

 

 

Graph of Quality of Life Variance  

 

 

 

 

 

Eigenvalue Difference Proportion Cumulative

2.4902 1.3501 0.4980 0.4980

1.1402 0.2280 0.7261

Eigenvalues of the Correlation Matrix

Variable Traning Behaviors 1 Traning Behaviors 2

Satisfaction with Life Scale (SWL) 0.3906 0.4753

SF12 - Physical Component Score -0.3591 0.6562

SF12 - Mental Component Score 0.5742 -0.2095

PANAS - Positive Score 0.3729 0.5435

PANAS - Negative Score -0.4997 0.0649

Quality of Life Principle Component Eigenvalues

Variance Explained
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Variable Units Mean Standard Deviation Mean Standard Deviation

Weight kg 72.3 13.0 71.7 13.7

Body Mass Index kg/m*m 24.0 3.0 24.0 3.3

Weekly Mileage miles/week 20.8 15.9 19.6 11.9

Impact Peak N 1099.4 252.0 1041.5 257.4

Maximum Vertical GRF N 1648.5 289.6 1581.0 305.8

Vertical Impulse N*s 256.6 53.7 255.7 56.5

Maximum Braking Force N 209.9 48.4 200.7 52.4

Maximum Propelling Force N 187.1 40.0 177.4 41.9

Braking Impulse N*s 13.5 3.5 13.5 3.5

Propelling Impulse N*s 15.0 3.6 14.5 3.5

Maximum Loading Rate N/s 5477.9 2306.3 5066.0 1943.0

Average Loading Rate N/s 4745.7 1979.4 4307.0 1625.4

Touchdown Inversion angle Degrees 6.5 3.5 6.1 3.4

Maximum Eversion angle Degrees -6.9 3.3 -7.5 3.4

Eversion range of motion Degrees 13.4 3.6 13.7 3.7

Velocity of Eversion Deg/sec -183.8 61.0 -184.2 66.5

Forefoot Adduction (Toe In) Degrees -4.3 6.6 -4.6 6.7

Strike Index % Distance From Heel 0.2 0.2 0.1 0.2

Knee Abduction Moment Nm -72.5 28.1 -66.4 28.4

Tibiofemoral compressive force N 7026.8 1631.4 6690.1 1574.3

Patellofemoral compressive force N 3065.3 958.2 2905.3 930.9

Max Knee Flexion Angle Degrees 40.6 4.8 40.1 4.8

Max Knee Extension Moment Nm 149.3 46.6 140.8 44.2

Peak Knee Power Absorption Watts -595.7 214.2 -543.4 212.2

Negative Work During Stance Joules -32.9 12.5 -30.7 12.7

Knee Extensor Strength Nm 91.3 38.3 93.5 38.5

Knee Flexor Strength Nm 56.3 18.4 54.2 19.5

Hip Abductor Strength Nm 77.4 17.3 77.2 21.4

Plantar Flexor Strength Nm 39.2 14.0 39.5 15.5

Quadriceps Flexibility Degrees 55.2 7.7 54.5 7.8

Hamstring Flexibility Degrees 155.4 11.2 156.1 12.2

Plantarflexors Flexibility Degrees 40.2 7.1 41.0 6.2

Dorsiflexors Flexibility Degrees 15.5 5.5 14.6 6.2

Max Knee Stiffness Nm/deg 6.7 2.1 6.6 2.6

Max Knee Stiffness Nm/rad 381.8 119.6 378.9 148.1

Adherence Self Efficacy Questionaire 98.0 6.3 96.9 5.6

Pain Scale Questionaire 0.7 0.9 0.9 1.1

STAI Questionaire 27.7 6.1 28.8 6.2

Satisfaction with Life Scale (SWL) Questionaire 28.9 5.1 28.3 4.9

SF12 - Physical Componentn Score Questionaire 56.0 1.5 56.3 2.7

SF12 - Mental Component Score Questionaire 49.3 2.9 47.3 6.4

PANAS - Positive Score Questionaire 38.4 4.7 38.1 6.2

PANAS - Negative Score Questionaire 13.7 2.9 14.5 4.0

Running on hills Hours/week 1.8 1.6 1.8 1.5

Running on crowned roads Hours/week 1.5 1.9 1.8 1.6

Training Pace Min/mile 8.8 1.1 9.1 1.2

Non-injured Injured 

Baseline Measurements
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Variable Units Mean Standard Deviation Mean Standard Deviation

Weight kg 73.24 12.87 72.94 14.18

Body Mass Index kg/m*m 24.32 2.9 24.4 3.46

Weekly Mileage miles/week 20.07 15.36 18.38 11.22

Impact Peak N 1125.98 272.74 1076.2 301.42

Maximum Vertical GRF N 1691.28 308.86 1618.34 330.2

Vertical Impulse N*s 262.22 53.83 262.73 59.47

Maximum Braking Force N 224.86 52.55 209.19 57.86

Maximum Propelling Force N 195.93 44.74 186.7 46.83

Braking Impulse N*s 14.26 3.51 13.87 3.87

Propelling Impulse N*s 15.43 3.83 15.23 3.76

Maximum Loading Rate N/s 5578.88 1975.5 4990.59 2182.46

Average Loading Rate N/s 4761.07 1597.34 4254.2 1874.04

Touchdown Inversion angle Degrees 6.99 3.69 6.62 3.45

Maximum Eversion angle Degrees -7.05 3.45 -7.64 2.77

Eversion range of motion Degrees 14.04 3.73 14.26 3.59

Velocity of Eversion Deg/sec -205.83 65.58 -205.52 67.81

Forefoot Adduction (Toe In) Degrees -6.69 5.91 -6.37 6.79

Strike Index % Distance From Heel 0.16 0.2 0.17 0.22

Knee Abduction Moment Nm -72.1 25.99 -66.59 27.11

Tibiofemoral compressive force N 7238.99 1684.88 6825.11 1643.48

Patellofemoral compressive force N 3159.96 927.44 2968.23 983.51

Max Knee Flexion Angle Degrees 40.66 4.93 40.07 5.39

Max Knee Extension Moment Nm 149.3 43.44 137.44 38.91

Peak Knee Power Absorption Watts -623.12 195.92 -553.31 203.02

Negative Work During Stance Joules -32.19 11.16 -29.88 11.72

Knee Extensor Strength Nm 95.86 34.71 95.23 32.3

Knee Flexor Strength Nm 55.91 22.25 54.26 20.41

Hip Abductor Strength Nm 81.82 25.12 79.91 24.14

Plantar Flexor Strength Nm 33.49 12.2 32.8 12

Quadriceps Flexibility Degrees 53.37 7.68 53.32 7.46

Hamstring Flexibility Degrees 150.84 12.4 152.41 11.55

Plantarflexors Flexibility Degrees 40.53 7.09 40.88 6.26

Dorsiflexors Flexibility Degrees 14.09 5.81 13.93 6.26

Max Knee Stiffness Nm/deg 6.5 1.92 6.24 2.1

Max Knee Stiffness Nm/rad 372.18 110.19 357.74 120.51

Adherence Self Efficacy Questionaire 98.36 5.01 92.04 15.39

Pain Scale Questionaire 0.7 0.88 1.19 1.36

STAI Questionaire 27.82 5.92 29.76 8.04

Satisfaction with Life Scale (SWL) Questionaire 29.56 4.52 28.58 4.62

SF12 - Physical Componentn Score Questionaire 55.82 2.29 55.74 3.11

SF12 - Mental Component Score Questionaire 49.18 5.11 47.05 7.38

PANAS - Positive Score Questionaire 39.28 5.52 37.63 6.71

PANAS - Negative Score Questionaire 14.03 3.82 14.64 4.79

Running on hills Hours/week 1.52 1.76 1.59 1.65

Running on crowned roads Hours/week 1.54 1.91 1.44 1.42

Training Pace Min/mile 8.74 1.34 9.25 1.19

Recovery Measurements

Non-Injured Injured
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