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ABSTRACT
Over the past several decades, endurance running has grown steadily as a popular form of
physical activity. Running is easily accessible, does not require expensive equipment, and can be
performed without specific skill training. Individuals who run also experience health benefits
like increased cardiovascular health and reduced risk of all-cause morbidity. Despite these
benefits, running is also associated with high rates of musculoskeletal injury. Although
researchers have attempted to identify injury risks and mitigate the incidence of running injury,
there is still no consensus as to why runners become injured. Research has also attempted to
identify biomechanical movement patterns that occur as a result of injury, though definitive
causal relationships have not been established.
Running injury research is further complicated by several factors related to research
design. There are few longitudinal or prospective studies, thus there is little evidence to support
the identification of causal relationships between proposed risk factors and the development of
running injuries. Recruiting homogenous groups comprised of individuals with similar injury
history, running experience, and training level is also difficult. Moreover, there is no universal
definition of injury for researchers to utilize when recruiting injured populations. In addition to a
lack of definitive causes and definitions of injury, the individual response to injury varies. While
some runners may continue running while injured, others may alter their training or stop running
completely. Running participation is also influenced by life events that are not related to the
sport or the development of injury. Additionally, many runners do not seek medical care for all
injuries, thus not all instances of pain are classified as an injury. These discrepancies may
influence the reported injury rates in the literature. Therefore, there exists a need for longitudinal
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or prospective research studies which clearly define injury and consider the homogeneity of the
groups of runners recruited.
The overall purpose of this dissertation is to investigate how running injury may affect
running status and biomechanical movement characteristics. To address this purpose, three
studies were developed to determine: 1) how injury and running and history influences the
individual response to injury; 2) how movement characteristics may be influenced by the
development of injury over time; and 3) how injury status may influence gait mechanics.
The purpose of study one was to analyze injury and running history among current and
former runners. A survey was developed to assess injury incidence, consequences of injury such
as time off, and reported injury diagnoses and treatments. 312 participants completed the survey.
Most participants reported that they had experienced at least one running injury. Of those who
reported no history of injury, about half reported that they had experienced pain while running.
The most common location of pain was the foot, followed by the knee. All participants were also
asked to report any specific injuries they had experienced, and 775 specific injuries were
reported. The four most common injuries were iliotibial band syndrome, plantar fasciitis,
strained thigh/hip muscle, and medial tibial stress syndrome. About 40% of participants
continued to run with these injuries. The results of this study demonstrated that the response to
any given injury varied by individual. Despite feeling pain while running, some individuals did
not consider themselves injured, and many participants continued running while injured. This
study also supports the notion that running injuries exist on a continuum of severity and that the
individual response to injury is complex and determined by various factors.
Study two aimed to assess the incidence of running injuries and investigate movement
characteristics as they relate to injury development in Division-I cross-country athletes over a
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two-year period. While research on running injuries is common, there is a lack of definitive
causal relationships between running injuries and gait mechanics. For this study, cross-country
runners were evaluated at pre- and post-season each year with three-dimensional kinematic and
kinetic gait analyses. Participants also provided data regarding injury occurrence via self-report

study was approached as an exploratory study, thus various statistical analyses were utilized to
determine if movement characteristics were influenced by injury status, injury location, or year.
First, self-reported injury incidence rates were higher than medically-reported injury incidence
rates. This further supports the notion that the method of reporting injuries is an important
consideration when examining injury incidence rates. There were no statistically significant
results in movement characteristics between groups, though these statistical results were
accompanied by large effect sizes. Interestingly, the most common location of pain in this group
of runners was the foot, which supports the findings of the first study.
The results of the first two studies supported the development of the third study, which
analyzed the effect of plantar fasciitis on movement characteristics. The study design included
participants with current plantar fasciitis, resolved plantar fasciitis, and no history of plantar
fasciitis. This group design was developed to better assess movement characteristics which may
exist before, during, and after an injury. Additionally, the study was designed to investigate foot
characteristics, thus the foot was analyzed using a multi-segment foot model. Participants in the
current plantar fasciitis group exhibited foot characteristics during gait which were indicative of
a lower, less rigid arch. Participants in the resolved plantar fasciitis group demonstrated foot
characteristics during gait which were indicative of a higher, more rigid arch. These results are
meaningful because there were no differences between groups in static measures of foot
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characteristics, yet during gait, foot mechanics differed. These findings highlight the importance
of modeling the foot as a multi-segment structure, rather than a rigid segment. The results of this
study support the hypothesis that the movement of the foot during gait may contribute to the
development of plantar fasciitis and that runners who have plantar fasciitis move differently than
runners with resolved plantar fasciitis.
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CHAPTER 1: OVERALL DISSERTATION INTRODUCTION
Running is a popular form of physical activity, both worldwide and in the United States.
In 2017, over 18.3 million Americans registered for competitive running events, 1 and almost 56
million people participated in some form of running, jogging, or trail running.2 Running is
popular not only due to the ease of implementation, but also for the multitude of health benefits it
offers.3 Despite these health benefits, runners sustain injuries at high rates. In the literature, rates
of running injury range from 11% to 85%.4 6 Experiencing an injury influences a runner
physically and psychologically,7,8 and may lead runners to decrease their mileage, seek medical
care, or stop activity altogether.9
Research has not yet conclusively determined why runners become injured, 5 though it is
agreed that the causes of running injuries are multifactorial and diverse. 5,9,10 While there are
some proposed factors including age, sex, weekly mileage, and a history of previous
injury,5,6,11,12 there is conflicting evidence regarding the cause of running injury. 5,9 A majority of
running injuries occur at or below the knee, 5,9,13

15

and up to 80% of running injuries are

considered overuse. 6,8,14 As overuse injuries tend to occur slowly over time, many individuals
continue to run despite injury. 8,16 Continuing to run while injured may have both psychological
and physical effects on runners, yet there is a paucity of research to directly address these
different considerations.
There is no consensus on why individuals might continue running while injured, but it
could be associated with factors such as mental toughness, time and resource investment, and the
ability to self-treat injuries.8,17,18 However, without investigating the factors that may lead an
individual to continue running while injured, alter their training, seek medical care, or treat their
injuries, there will continue to be a lack of agreement as to how an individual may respond to
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injury. Furthermore, the definition of injury varies among researchers, runners, and medical
professionals.4 This lack of consensus may lead to misidentification of injury within other
studies, including those examining biomechanical variables.
There exist many retrospective research studies which examine the effect of various
running injuries on gait biomechanics. Some kinetic and kinematic variables of interest include
loading rate,19
hip.23

29

21

peak vertical ground reaction force,20,22 and angles of the foot, ankle, knee, and

However, there are comparatively few prospective or longitudinal research studies 9,29

32

to ascertain whether gait patterns are a cause of injury or a resultant effect of injury.
Additionally, few studies have investigated the effects of injury status on gait biomechanics. 33

36

Therefore, it is not well known if runners who have an injury move differently than those with
resolved injuries or no history of injury. By determining differences in these groups, and
studying groups of runners over time, researchers may be able to better identify movement
patterns that place runners at risk of injury and re-injury.
It is not well understood how the individual response to injury is influenced by different
physical or psychological aspects, or how the presence of injury might influence runners to stop
or continue their training. Furthermore, the effect of injury on gait mechanics, and the effect of
gait mechanics on injury risk, is not well understood. The purpose of this dissertation is to
investigate how running injury may affect running status and movement characteristics. To
address this purpose, three studies were developed to determine: 1) how injury and running and
history influences the individual response to injury; 2) how movement characteristics may be
influenced by the development of injury over time; and 3) how injury status may influence gait
mechanics. These studies were developed to provide additional evidence of the necessity of
research utilizing a multifactorial, comprehensive approach.
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CHAPTER 2: RUNNING STATUS AND HISTORY: A SELF-REPORT STUDY.
Significance of the Chapter
While many studies examine physiological and biomechanical effects of running injury,
there is a paucity of research which aims to determine the individual response to injury. This lack
of knowledge not only leads to a potential misrepresentation of how injuries affect runners, but it
also lends confusion to the definition of running injury in the literature. Some running research
studies define injury as pain which leads to altered training, while others define injury as pain
which has been diagnosed by a medical professional. Many others choose definitions that exist
somewhere between, including pain that persists for a specific duration of time, pain that leads to
a total stoppage of activity, or injuries that lead to specific symptoms. One can assume that
runners will respond to and interpret pain differently, thus complicating these efforts of
accurately defining injury. However, there is little research which accurately describes these
individual responses to injury. It is not known whether runners will stop or alter their training
due to pain or if they will seek medical care for their injuries. Therefore, the study of runners
with overuse injuries may be complicated by the individual definition of, and response to, injury.
The current study aimed to analyze injury history and running history among current and
former runners. By evaluating which injuries runners are likely to develop, as well as how
individuals perceive and respond to injury, researchers may be able to better understand the
development and progression of running injuries.
Manuscript Note
This manuscript has been developed and written with my advisory committee: Julia Freedman
Silvernail, John Mercer, James Navalta, Richard Tandy, and Jennifer Pharr.
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ABSTRACT
Context: Although running injury research is common, less is known about the individual
response to injury or how a runner may adjust their running program following injury.
Objective: The purpose of the current study was to analyze injury and running history among
current and former runners.
Design: Cross-sectional survey.
Setting: Online survey.
Patients or Other Participants: 312 current or former runners (age 38±12 years).
Main Outcome Measures: This study assessed injury incidence, consequences of injury such as
time off, and reported injury diagnoses and treatments. Chi-square and frequency analyses were
calculated to describe running status, injury rates, and response to injury.
Results: Most participants (80%) reported one or more running injury. In total, 775 specific
injuries were reported. The four most common injuries were iliotibial band syndrome (34%),
plantar fasciitis (30%), strained thigh/hip muscle (25%), and medial tibial stress syndrome
(22%). About 40% of participants continued to run with these injuries.
Conclusions: Injury rates (80%) agreed with those reported in the literature. Despite feeling pain
while running, some individuals did not consider themselves injured, and many participants
continued running while injured. The results of this study also support the notion that running
injuries exist on a continuum of severity and that the individual response to injury is complex
and determined by various factors.
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INTRODUCTION
Running is a popular and convenient form of physical activity with many known benefits,
including improved cardiovascular health and reduced risk of all-cause morbidity. Despite these
benefits, running is associated with high injury rates.5,6,37,38 Research has identified incidence
rates of 11% to 85% and 2.5 to 38 injuries per 1000 hours of running.4

6,39

Though many risk

factors have been proposed with contradictory support in the literature, a history of previous
injury is a largely supported risk factor for injury.5,6,11,12,40 However, the individual response to
running injury varies among runners. Some individuals who experience an injury continue to
run, while others stop running either temporarily or permanently.7,8 Runners frequently cite
injury as a reason for pausing or stopping running13,41 though it is also common for runners to
continue training while injured.7,8,18
The majority of running injuries (80%) are considered overuse injuries, with symptoms
that develop gradually over time.6,8,14 As overuse running injuries are often subtle in their onset,
athletes may not be aware of the significance of their injury and continue to run despite pain.8,16
Individuals who continue running while injured may self-diagnose and treat their injuries without
visiting a healthcare professional.8,17 This lack of formal treatment may lengthen the injury
duration and promote the development of compensatory mechanics. However, even with
treatment, subtle pathological movement patterns may develop after injury. Altered running
mechanics have been linked to injury and increased stress on other joints.42,43 Changes along the
kinetic chain that occur secondary to injury include strength deficits, altered proprioception, and
biomechanical changes resulting in altered joint loading.43 These changes may increase the
incidence of future injury. Thus, runners who are injured more frequently are more likely to
experience altered mechanics and may decrease their training or permanently stop running.
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While injury may cause some runners to discontinue training, many continue to run while
injured.8,18 This could be associated with mental toughness8,18 or may be related to time and
resource investment, with runners choosing to attempt self-treatment in order to avoid
interrupting their training.8,17 While some dedicated runners are not easily derailed from their
running routine, other individuals stop running after an injury, take a longer break than expected,
or never begin running again. Sometimes this departure from running is due to injury, other
times it is due to lifestyle or livelihood changes.41 Participation in running may fluctuate as a
response to aging or various phases of life, such as the birth of a child or changing interests.41
We can expect to see fewer participants in higher age groups, yet the ebb and flow of running
s, it may be helpful to consider
the many reasons that someone may choose to pause or stop running that are not physiological or
biomechanical.
Therefore, the purpose of this study was to analyze injury history and running history
among current and former runners. Participants were sorted into one of four groups, consisting of
individuals who were: 1) uninjured and running; 2) injured, yet still running; 3) uninjured and
not running; and 4) injured and not running. We hypothesized that injury rates would differ
among the groups. We also expected that the responses to injury would differ among groups,
with some individuals continuing to run while injured, and others stopping for various amounts
of time. We hypothesized that individuals who were running would have a history of fewer
injuries than those who were not running at the time of survey completion. We also expect
runners to report that they continue running while injured. The overarching goal of this study
was to better understand the types of injuries that runners experience and the individual response
to running injuries.
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METHODS

Board, was advertised to current and former runners via word of mouth, social media, and flyers.
The target population included individuals who run regularly (current runners) and individuals
who previously ran regularly but were no longer running at the time of survey completion
(former runners). Exclusion criteria included individuals who had never run regularly and
individuals under the age of 18. The study was developed using Qualtrics software (version
12.17, Provo Utah, US) and consisted of questions regarding running status and history, injury
status and history, and training habits. A panel of five experts in related fields of study, including
biomechanics, physiology, sports medicine, and community health, first analyzed the survey to
establish face and content validity. It was then pilot tested among 15 Division-1 cross-country
athletes. Following edits based on pilot data, the survey was available from December 2017
through April 2018.
The survey began with questions related to current running status. Participants were first
asked if they were running regularly or had ever considered themselves a regular runner. They
could choose that they were currently running, had run regularly at some point but were not
running now, or that they had never run regularly before. Participants who stated that they had
never regularly run were directed to the end of the survey, as they did not meet the inclusion
criteria. Participants who responded that they were running regularly were presented with
follow-up questions regarding mileage and upcoming events. These follow-up questions
included their weekly mileage over the previous month, the length of time at the current mileage
level, and the next upcoming event that the individual was training for. All former and current
runners were asked if they participated in any physical activity other than running.
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Once running status and training information was collected, the next set of questions
were related to current injury status and injury history. To determine the presence of existing
injury, all participants were asked if they were currently injured or if they had been injured in the
past four weeks. An injury was described to participants as pain that caused them to stop or alter
running, with or without a medical diagnosis. Any participant who had been injured in the past
four weeks was considered part of

Next, to establish injury history, all

participants were asked if they had ever sustained a running injury. To account for the potential
variance in defining what constitutes an injury, participants were also asked if they had ever
experienced pain or discomfort that was not serious enough to stop training or seek care but led
to a change or alteration in running. Additionally, all participants were asked to report where
they had experienced pain while running (i.e. left or right hip, knee, and ankle).
After determining the presence and location of pain, all participants were then asked to
indicate specific injuries they may have experienced. The list of injuries included 24 common
running injuries compiled from various systematic reviews 5,14,44
that allowed participants to enter an injury that was not listed (Figure 2.1). For each injury that a
participant selected, they were presented with four follow-up questions. The first question
determined the occurrence of injury and presented three options: 1) chronic, defined as an injury
that causes pain unless the participant stops running; 2) recurrent, defined as an injury that has
occurred more than once but does not consistently cause pain; and 3) single, which occur acutely
with no recurrence. The effect of injury was then determined by asking participants if the injury
caused them to stop running, and if so, for how long. The final two questions asked participants
if they sought medical care for the injury and what treatments were utilized. As these questions
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were presented for each injury reported, participants who selected multiple injuries were able to
provide specific information regarding each of the separate injuries.
Survey responses were exported from Qualtrics and analyzed in SPSS. Using the specific
injury questions, injury counts were established for each participant. For each injury that the
participant selected, they reported whether the injury was acute, recurrent, or chronic. Responses
were then sorted into occurrence type for each injury. From this information, we were able to
determine the total number of single, recurrent, and chronic injuries that each participant
experienced.
Participants were organized into the established groups: (1) uninjured runners; (2) injured
runners; (3) uninjured former runners; or (4) injured former runners, based on their responses to
the questions regarding current running status and injury status. Once the participants were
grouped, responses from the specific injury questions were utilized to determine how many of
each type of injury (single, recurrent, and chronic) each participant experienced. These rates of
injury were further divided into categories based on how many injuries were experienced (0, 1,
2-3, or 4+). This categorization of injury occurrence was created to account for variance in the
reported injury distributions. For each of the four groups and each of the three types of injury,
chi-square goodness of fit tests were conducted on the four categories of injury frequency. This
resulted in 12 chi-square tests, (four groups and three types of injury), and each test had four
categories of injury frequency (0, 1, 2-3, or 4+). The null hypotheses for these tests were that
there was an equal distribution of injury frequency among the categories. For example, within
the injured runner group for single bouts of injury, the null hypothesis would be accepted if 25%
of the group experienced 0 injuries, 25% experienced 1 injury, 25% experienced 2-3 injuries, and
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25% experienced 4 or more injuries. As the analysis was conducted on each of the three levels of
injury occurrence, a Bonferroni-adjusted alpha level of 0.017 was set a priori.
RESULTS
Participant Characteristics and Injury History
Overall, 319 participants began the survey, and 318 completed the survey. Of those,
seven participants indicated they had never run regularly, thus not meeting inclusion criteria, and
were directed to the end of the survey. Consequently, the total participant completion rate was
312. The average participant age was 38 ± 12 years, with a minimum age of 18 years and a
maximum age of 71 years. The average time to complete the survey was 15 minutes. Participants
consisted of 219 males (70%), 89 females (29%), and four participants who chose not to disclose
sex. Additional participant characteristics are provided in Table 2.1.

Table 2.1 Other Participant Characteristics
Weekly mileage
< 10
10-19
20-29
30-39
40-49
> 50

Frequency (%)
39 (11.6)
85 (25.3)
67 (19.9)
23 (6.8)
11 (3.3)
14 (4.2)

Time at current mileage
0-3 months
4-12 months
1-2 years
2-10 years
> 10 years

Frequency (%)
44 (13.1)
54 (16.1)
32 (9.5)
74 (22.0)
35 (10.4)

Decade began running (years)
Before age 10
10-20
21-30
31-40
41-50
51-60

10

Frequency (%)
9 (2.7)
133 (39.6)
92 (27.4)
47 (14.0)
24 (7.1)
7 (2.2)

In total, 239 of the 312 participants (77%) reported that they currently run, while 73
(23%) reported that they were not running at the time of survey completion. Additionally, 77
(25%) of the 312 participants reported that they were injured or had been injured in the past four
weeks, while 235 (75%) reported that they were not injured. When participants were asked if
they had ever experienced an injury while running, 67 participants (22%) reported experiencing
one injury, 182 (58%) reported multiple injuries, and 63 (20%) reported never experiencing an
injury while running. Of the 63 participants who reported never experiencing an injury, 31 (49%)
had experienced pain or discomfort while running, while 32 (51%) had not. The site with most
prevalent reports of pain was the foot and ankle (n = 198, 63%), followed by the knee (n = 162,
52%), thigh, hip, or pelvis (n = 143, 46%), lower leg (n = 121, 39%), back or neck (n = 57,
18%), and upper body (n = 24, 8%).
After determining sites where they had experienced pain, participants were asked to
report any specific injuries they had sustained while running. From the list of 24 specific injuries,
775 injuries were reported. Injury reports were then categorized into occurrence type based on
the follow-up questions for each specific injury. Out of 312 participants, 241 (77%) reported
sustaining at least one single-occurrence injury, 179 (57%) reported sustaining at least one
recurrent injury, and 53 (17%) reported sustaining at least one chronic injury. When comparing
injury rates in runners (n = 239) to former runners (n = 73), runners sustained more singleoccurrence injuries (n = 198, 83%) than former runners (n = 43, 59%). Similar percentages of
recurrent injuries were reported in runners (n = 137, 57%) and former runners (n = 42, 58%).
Former runners reported more chronic injuries (n = 17, 23%) than runners (n = 36, 15%).
The four most commonly reported injuries (Figure 1) were iliotibial band syndrome (n =
106, 34%), plantar fasciitis (n = 93, 30%), strained muscle in thigh or hip (n = 79, 25%) and
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medial tibial stress syndrome (n = 70, 22%). Among these injuries, many participants reported
that they continued to run while injured. Of the 106 participants who reported iliotibial band
syndrome, 45 (42%) reported that they continued to run while injured. Of the 93 participants
with plantar fasciitis, 37 (40%) continued to run while injured. Of the 79 participants with a
strained thigh or hip muscle, 33 (42%) continued to run while injured. Of the 70 participants with
medial tibial stress syndrome, 34 (49%) continued to run while injured. Figure 2.1 depicts the
reported frequency of each injury and the effect of the injury on training. Participants were also
asked if they sought medical care for each injury that they experienced. Among the top four
injuries reported, 45% of participants with iliotibial band syndrome sought medical care, 51% of
those with plantar fasciitis sought medical care, 35% of those with thigh/hip strains sought
medical care, and 18% of those with medial tibial stress syndrome sought medical care.
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Figure 2.1. Reported occurrence of common running injuries. The x-axis represents the number of participants who
reported experiencing each injury. The colored portions of each bar represent the effect of the injury on running status.

All participants were asked for reasons why they did not stop running or seek medical
care if they had experienced pain or injury while running. Of the 312 participants, 187 responded
to this question, and were asked to select any reasons that applied. Among those who did not
stop running or seek care for pain, the most common response was that they did not think the
injury was severe enough to stop running (n = 127, 68%). Additional responses included that the
participant was able to treat the pain themselves (n = 95, 51%), altering training factors such as
13

shoes, running surface, technique, or mileage led to decreased pain (n = 88, 47%), the injury did
not cause pain all the time (n = 78, 42%), and the participant was training for an event and did
not want to interrupt training (n = 72, 39%). Finally, all participants were asked if they had ever
continued to run against medical advice, and 100 participants (33%) responded that they had at
some point continued to run when a medical professional advised them to stop.
Participants were then grouped according to their combined running status and injury
status into one of the four pre-determined groups (uninjured runners, injured runners, uninjured
former runners, injured former runners). Five responses were not included in group analyses, as
they initially indicated that they were not running, but later indicated they were still running.
This discrepancy occurred when participants were asked if they would ever consider beginning
to run again. The five excluded participants stated that they were still running, although they had
previously indicated that they were not running. Therefore, 307 participants were included in the
group analysis. The four groups consisted of uninjured runners (n = 187, 60%), injured runners
(n = 52, 17%), uninjured former runners (n = 45, 14%), and injured former runners (n = 23, 7%).
Most of the former runners (n = 61, 89%) stated that they intend to begin running again.
Distribution of Injury Occurrence by Group
The null hypotheses for the chi-square goodness of fit tests were that there was an equal
distribution of injury frequency among the categories within each of the four groups of runners
(uninjured runners, injured runners, uninjured former runners, injured former runners). When the
null hypothesis was rejected, further analysis of the data was conducted to determine how each
group deviated from an equal distribution of the number of injury frequency. The results of the
chi-square goodness of fit tests are described separately by group in the following paragraphs.
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Chi-square results and values are listed in Table 2.2, and group distributions are depicted in
Figure 2.2.

Table 2.2. Results of Chi-Square Goodness-of-Fit Analysis
Single
2

Repetitive

Chronic

p

2

p
<0.001*

264.43

<0.001*

0.037

30.62

<0.001*

0.007*

34.53

<0.001*

0.405

20.96

<0.001*

Uninjured Runners

36.25

<0.001*

58.20

Injured Runners

25.39

<0.001*

8.46

Uninjured Former Runners

21.22

<0.001*

11.98

Injured Former Runners
7.78
0.051
2.91
Degrees of freedom = 3 for single and repetitive; 2 for chronic
*indicates significance at 0.017 level
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2

p

Figure 2.2. The frequency of single-occurrence (A), recurrent (B), and chronic (C) running injuries. The x-axis
represents the number of injuries experienced by participants, and the y-axis represents the number of participants
who reported experiencing each type of injury. Note: the dashed line represents an equal distribution of injury
occurrence frequency (the null hypothesis of the chi-square tests).
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Among uninjured runners, the frequency of injury occurrence was not equally distributed
for single (p < 0.001), recurrent (p < 0.001), and chronic injuries (p < 0.001). Further analysis of
the distribution determined that uninjured runners (n = 187) were more likely to experience one
single-occurrence injury (n = 70, 37%), zero recurrent-occurrence injuries (n = 82, 44%), and
zero chronic-occurrence injuries (n = 167, 89%).
Within the injured runners group, the frequency of injury occurrence was not equally
distributed for single (p < 0.001) and chronic (p < 0.001) injuries, but rates of recurrent injuries
were equally distributed (p = 0.037).Injured runners (n = 52) were more likely to experience 2-3
single-occurrence injuries (n = 26, 50%) and zero chronic injuries (n = 20, 38%).
Among uninjured former runners, rates of single (p < 0.001), recurrent (p = 0.007), and
chronic injuries (p < 0.001) were not equally distributed. Uninjured former runners (n = 45) were
most likely to experience zero single injuries (n = 22, 49%), zero recurrent injuries (n = 20,
44%), and zero chronic injuries (n = 33, 73%).
The frequency of chronic injury occurrence within the injured former runner group was
not equally distributed (p < 0.001). Injured former runners (n = 23) were most likely to
experience zero chronic injuries (n = 18, 78%). This group demonstrated equal distributions of
single (p = 0.051) and recurrent (p = 0.405) injuries.
DISCUSSION
The purpose of this study was to compare injury history and running history among
current and former runners. Participants included runners or former runners who were either
injured or uninjured at the time of survey completion. The four groups included uninjured
runners, injured runners, uninjured former runners, and injured former runners. We hypothesized
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that runners (injured and uninjured combined) would have had fewer injuries than injured former
runners. This hypothesis was only partially supported. Runners were less likely than former
runners to report chronic injuries (15% vs. 23%) and just as likely as former runners to report
recurrent injuries (57% vs 58%). However, runners were more likely than former runners to
experience single occurrence injuries (83% vs. 59%). Single occurrence injuries were the most
common injury occurrence type in both injured and uninjured runners. As these groups are
comprised of current runners, it is possible that their injury frequencies are tied to exposure.
Previous literature has determined that injury risk increases with exposure hours 14,40.
Additionally, we expected that runners would report that they continued running while
injured. Rates between runners and former runners were similar, with 36% of runners and 32%
of former runners reporting to run while injured. Running while injured may predispose
individuals to additional or more severe injuries 8. High injury rates in running 5,6,37,38 indicate
that many runners will become injured at some point. Single-occurrence injuries may heal
quickly, and participants may adjust their training or technique to adapt and avoid a recurrent or
chronic injury.
When the former runners were split into groups based on injury status, we found that
those who were injured were more likely to report a recurrent or chronic injury than those who
were uninjured. This indicates that injured former runners may be taking time off training to heal
their recurrent or chronic injuries. In fact, when asked for reasons why they would or not begin
running again, the three most common responses from this group were that they were taking time
to heal, their body needs a break, or they are afraid of becoming re-injured. In contrast, uninjured
former runners were more likely to report taking breaks from running for non-injury reasons. All
participants were asked if they had ever stopped running for more than three months for a reason
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that was not related to injury, and 67% of uninjured former runners said yes. This contrasts with
uninjured runners (33%), injured runners (29%), and injured former runners (22%). Therefore,
the uninjured former runners group may consist of individuals who have stopped running for
lifestyle purposes, thus reducing their exposure and injury risk. Indeed, agreeing with existing
reports in the literature, the birth of a child, finding a new exercise routine that they prefer, or
time constraints 41 were the primary reasons for uninjured former runners in this survey to stop
running.
Overall, a majority (80%) of participants in this study reported experiencing at least one
injury while running. This injury frequency is expected based on previously reported injury rates
in runners 4

6,44

. Interestingly, almost half (49%) of the participants who reported that they had

never experienced an injury did report that they had felt pain or discomfort while running.
Therefore, while they did not report being injured, they reported experiencing pain while
running. Without further investigation, we cannot state that the pain they experienced was
indicative of an ignored injury, but these results demonstrate that the individual response and
interpretation of pain and injury may vary. It is also possible that individuals may be hesitant to
7,8

.

The most commonly reported site of pain during running was the foot and ankle,
followed by the knee. These results agree with other studies which report that running injuries
are likely to occur at 5,13,44 or below the knee 9,14. The most common injuries reported were
iliotibial band syndrome, plantar fasciitis, strained thigh or hip muscle, and medial tibial stress
syndrome. Previous research has reported similar findings, though most also include
patellofemoral pain syndrome as a common injury 14,44. Interestingly, patellofemoral pain
syndrome was the 11th most common injury reported in this study. However, it is possible that
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providing a diagnostic term, rather than a description of the injury or a colloquial term such as
may have resulted in under-reporting 14. Indeed, when examining responses in
11 individuals reported undiagnosed knee pain. It is possible that
individuals who experience knee pain do not consider it to be an injury, especially if they have
not received a diagnosis of patellofemoral pain syndrome.
In the current study, among the top four injuries reported, most participants reported that
they continued to run while injured. Participants who reported continuing to run while injured
were asked why, and most of those participants responded that they did not think the injury was
severe enough to stop running. Other responses included being able to determine the cause of
pain themselves, changing training habits, and feeling as though they did not want to interrupt

may influence whether a runner will take time off while injured 8. We also discovered that
among the most common injuries reported in this study, fewer than half of the participants who
experienced these injuries sought medical care. These values are similar to other studies, which
found that about 3 in 10 runners sought medical care for injuries 8. In addition, about one-third of
total participants reported that they had continued to run against medical advice. We analyzed
this response by group and found that roughly half of the injured runners and injured former
runners, compared to 30% of uninjured runners and 17% of uninjured former runners. This
8

agrees with a previous st

.

Overall, injury rates in the current study were similar to those reported in the literature,
with 249 of 312 participants (80%) reporting at least one running injury. Based on reports of pain
while running, we also found that some runners do not consider themselves injured even if they
have experienced pain while running. The knee and below the knee were the most common sites
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of injury, which agrees with previous findings. When comparing groups of current and former
runners, we found that runners are more likely to experience single-occurrence injuries than
former runners, but less likely to experience recurrent and chronic injuries. Additionally, about
one-third of all participants in this study reported that they had continued to run despite injury at
least once. The individual response to injury is varied and appears to depend on many different
factors. The results of this study highlight the difficulty in precisely defining injury in the
literature and contribute to the subjective narrative surrounding running injuries in current and
former runners.
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CHAPTER 3: TWO-YEAR INJURY INCIDENCE AND MOVEMENT
CHARACTERISTICS AMONG DIVISION-I CROSS-COUNTRY ATHLETES
Significance of the Chapter
Not only is it necessary to determine the individual response to injury, but it is also
important for researchers to consider the method of injury reporting. The rates of injury in the
literature vary widely, which may be due, in part, to how those injuries are being reported. As
runners may not always seek medical care for their injuries and the individual definition of injury
may vary, a medically-diagnosed injury rate may differ from a self-report injury rate. This study
utilized both self-report and medically-reported injuries in Division-I cross country runners to
determine how rates may differ between reporting method. Additionally, as noted earlier, there is
a lack of longitudinal studies to determine how running injuries may develop and influence
running mechanics.
This study utilized data from pre- and post- season gait analyses over the course of two
years among Division-I cross country runners. In order to progress our current understanding of
biomechanics and overuse injury, it is necessary to consider groups of individuals with similar
training, experience, and demographics. Therefore, this study aimed to analyze injury reporting
and gait mechanics among a group of cross-country athletes over a two-year period.
Manuscript Note
This manuscript has been developed and written with members of my advisory
committee: Julia Freedman Silvernail, John Mercer, and James Navalta.
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ABSTRACT
Context: While research on running injuries is common, there is a lack of definitive causal
relationships between running injuries and gait mechanics. Additionally, there is a paucity of
research utilizing a longitudinal approach to understand the development of running injuries.
Objective: The purpose of this study was to assess the incidence of running injuries and
investigate movement characteristics as they relate to injury development in Division-I crosscountry athletes over a two-year period.
Design: Longitudinal research study.
Setting: University biomechanics laboratory.
Patients or Other Participants: 17 female Division-I cross-country athletes.
Main Outcome Measures: Athletes were evaluated at pre- and post-season each year with
three-dimensional kinematic and kinetic gait analyses. Participants also provided data regarding
injury occurrence via self-report questionnaires, while injury reports were obtained from the
ere utilized to
determine if movement characteristics were influenced by injury status, injury location, or year.
Injured and uninjured participants from pre-season data collections were compared using
independent samples t-

2 (group) by 2 (time) repeated measures

MANOVAs were used to compare injured and uninjured participants from pre-season to postseason during year one

0.025). Independent samples t-tests were utilized to compare

mechanics between athletes with and without left foot injuries

Effect sizes were

calculated for all statistical analyses.
Results: Self-reported injury incidence rates were higher than medically-reported injury
incidence rates (year one: 67% vs. 33%; year two: 70% vs. 50%). A statistically significant
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difference was detected only in knee abduction symmetry between athletes with and without left
foot injuries (p=0.004). No other statistical analyses demonstrated significant differences. While
these results were not statistically significant, they were associated with moderate-to-large effect
sizes.
Conclusions: The current study demonstrates that injury rates in the literature may be influenced
by reporting method. Additionally, this study provides promising information regarding
movement characteristics in injured runners and demonstrates the necessity of longitudinal
studies of homogenous groups.
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INTRODUCTION
Despite the known health benefits of exercise, runners sustain injuries at alarming rates.
Though reporting methods vary, injury incidence rates range from 11% to 85%5 or 2.5 to 38
injuries per 1000 hours of running.39 Research has attempted to identify risk factors for running
injuries, yet there is little consensus in the literature regarding the cause of running injuries.5,45 It
is also common for runners to consider themselves healthy despite pain and to continue running
with pain or injury.8,18 This likely relates to the fact that a majority (80%) of running injuries are
overuse and develop slowly over time.8,13,14 The lack of consistency in who is reporting injury
and the varied definition of injury leads to further complication of reported injury rates. 4
Although causal relationships have not been established, research has identified various
biomechanical variables which may be associated with injury in competitive and recreational
runners. These variables include a greater rate of loading of the vertical ground reaction
force19,25,30,46

49

and changes in joint motion of the lower extremity. 27,42,45,50

56

However, the

relationship between these variables and compensation (i.e., changes in gait) due to injury has
not been investigated adequately using prospective and longitudinal research designs.
Additionally, understanding this relationship is complicated by the nature and extent of injury,
population, and study type. Taken together, all these factors likely contribute to the lack of
consensus in the literature regarding the relationship between biomechanical variables and
running injuries.
A limited number of prospective comparisons of injured and uninjured collegiate runners
exists.29,50 One such study identified higher peak ankle eversion angles, lower eversion range of
motion, and lower peak eversion velocity in cross country runners who later became injured.29
Another study identified greater peak ankle eversion velocity and greater external knee adduction
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moment in cross country athletes who later sustained an injury.50 Both studies collected gait data
prior to the start of the season but did not collect post-season data. These results provide
evidence that a prospective research design may have value in predicting injuries. However,
there is still a need for longitudinal data to better understand how a runner may (or may not)
change gait patterns in response to an injury.
The criteria for what constitutes an overuse injury may differ among athletes, coaches,
medical staff, and researchers. Some individuals may define an overuse injury as pain occurring
at defined times, pain lasting for specific durations, pain that leads to a decrease in activity, or
pain resulting in a medical diagnosis of a specific injury.4,44 Furthermore, self-reported injury
rates may differ from medically-reported injury rates as runners may not seek medical care for
pain they believe they can treat themselves.8,17 Previous research has reported that up to 30% of
recreational runners do not seek medical care for pain and some individuals continue to run
despite pain.8 Collegiate runners have greater access to sports medicine staff than recreational
runners. Visiting a medical professional for injuries may be more convenient for collegiate
athletes than the general population, which may lead to more accurate recording of injury rates.
However, as the definition of pain will vary by individual, athletes may simply request
modalities, such as ice, to treat pain without reporting to their athletic trainer for evaluation,
leading to under-reporting of injuries.
There is a need for the collection of longitudinal data including information about
training, injury reporting, and biomechanical variables to determine which factors contribute to
the development of running injuries. Therefore, the purpose of this study was to assess the
incidence of running injuries and investigate movement characteristics as they relate to injury
development in Division-I cross-country athletes over a two-year period. Using pre- and post-
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season gait analyses, we evaluated movement characteristics of injured and uninjured athletes.
Additionally, we compared injury rates from medical reports and self-reported incidences of
57

as grade 1

(maintained full activity despite symptoms) or grade 2 (reduced weekly mileage). We
hypothesized that injury status would influence gait. We also expected to see differences in
injury rates based on reporting method, as athletes may not have sought medical care for all
instances of pain.
METHODS
Participants
Data collection occurred at the University of Nevada, Las Vegas in 2016 (year one) and
2017 (year two) at the beginning and end of the fall semesters. Athletes did not complete the gait
analysis if they were not cleared to run, either by UNLV Athletics or the sports medicine staff. In
year one, nine female NCAA Division I cross-country athletes were recruited for pre-season data
collection before the start of the regular season. At the end of the season, two athletes were not
cleared to run due to injury, and one athlete left the team. Thus six athletes returned for postseason collection. Two additional athletes who did not have clearance at pre-season reported for
post-season collection only. For year two, nine athletes were recruited at pre-season data
collection, and four of these athletes returned for post-season collection. Of those who did not
return, one left the team, and four were not cleared to run due to injury. One additional athlete
who was not cleared at pre-season reported for post-season collection only. Overall, there were
six athletes with both pre- and post- season gait data in year one and three athletes with pre- and
post-season data in year two. Two athletes were present for all four data collections throughout
both years. Table 3.1 provides information regarding athlete participation and injury status for
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each year. As the sample size was limited by the team roster and further influenced by injury
occurrence, an a priori sample size power analysis was not performed. However, post hoc effect
size analyses were determined, and these values are included in the results section.
Procedure
The study was approved by the Institutional Review Board at the University of Nevada,
Las Vegas (protocol #788354). Athletes first reported to the Sports Injury Research Center at
UNLV the week in which they were required to report for official training. Written informed
consent was obtained from all participants before data collection. Self-report injury history,
including location and duration of pain, and whether the pain influenced training, was collected
via an online questionnaire (Qualtrics version 12.17, Provo, UT). A self-selected warm up was
completed before performing running trials. Both the warm-up and the gait collection were
performed in the same shoes worn during practice and training runs. Twenty-eight retroreflective markers were attached to the hips, legs, and feet. Participants ran along a 15-meter
runway while kinetic and kinematic data were collected bilaterally with a ten-camera threedimensional motion capture system (200 Hz, Vicon, Oxford, UK) and three embedded force
platforms (1000 Hz, AMTI, Watertown, MA).
Participants were asked to run at a 5k training pace, which was monitored using
photoelectric timing gates (Lafayette Instruments, Lafayette, IN) placed 4 meters apart
surrounding the force platforms. The average of 10 preliminary trials was utilized to determine
running velocity, and acceptable trials were those which occurred within ±5% of the average
velocity. Participants ran while at least five successful trials were collected for each limb. A
successful trial was defined as full contact of the foot on the force platform without targeting.
Participants were not made aware of the location of the force platforms, and their starting
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position was adjusted by a research team member to ensure a natural stride. At the conclusion of
the regular season, athletes completed the same procedure, including an informed consent
renewal. Athletes who were unable to run post-season due to injury completed the injury
questionnaire and anthropometric measurements but not gait measures.
Classification of Injury
hletic trainer at the end of the
season. These reports included clinical diagnoses, rehabilitation notes, and whether the injury led
to a loss of training. These data were used to calculate the number of clinically-diagnosed
injuries that occurred in the off-season and during the regular season. The questionnaire of selfreport injury data included questions about the incidence and location of pain, the date of
occurrence, treatment method, and whether the pain affected their training. We utilized the
grading system developed by Marti et al., 57 to classify injuries as either grade 1 (maintained full
activity despite symptoms) or grade 2 (reduced weekly mileage). The injury data were then
compared to determine if there were injuries that were reported by both the athlete and the
athletic trainer, or only one of the two.
Data Analysis
Marker trajectories were labeled and gap-filled (up to 25 frames) in Nexus software
(v.2.6, Vicon, Oxford, UK). Kinetic and kinematic data were exported to Visual3D software
(v.6, C-Motion, Germantown, MD) to calculate variables of interest. Kinematic and kinetic data
were filtered with a low-pass, fourth order, zero-lag Butterworth filter with cutoff frequencies of
10 Hz and 50 Hz, respectively. A Cardan rotational sequence (x-y-z) was utilized to calculate
joint angles so that x represented the ML axis, y the AP axis, and z the vertical axis. Values were
interpreted according to right-hand rule. Variables of interest included peak instantaneous
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vertical loading rate (VILR), sagittal ankle angle at heel strike, sagittal hip angle at heel strike,
peak sagittal and frontal angles at the ankle and knee, and peak sagittal, frontal, and transverse
angles at the hip. Additionally, we calculated the symmetry index (SI) for the selected variables
to determine limb symmetry.58 The SI was calculated as: [|XR

XL| / 0.5(XR + XL)] × 100, where

XR and XL are the values of the variables on the right and left limb. The SI is expressed as
percent units, and a higher SI value indicates a higher amount of asymmetry. 20,58 Stance phase
was determined using a threshold of 20 N vertical ground reaction to identify heel strike and toeoff. A custom Matlab code (v. r2016b, MathWorks, Natick, MA) was used to determine peak
instantaneous loading rate from exported kinetic data. The vertical ground reaction forces were
inspected to determine the presence of an impact peak. Several participants exhibited impact
peaks in only a portion of trials, thus for all trials the peak VILR was determined as the peak
value of the first derivative of the vertical ground reaction force in the first 50ms of stance. 59
Peak VILR was expressed in body weight per seconds (BW/s). All variables were calculated
bilaterally.
Statistical Analysis
As an exploratory study, various statistical analyses were utilized to determine if
movement characteristics were influenced by injury status, injury location, or year. We utilized
independent samples t-tests, with a Bonferroni-adjusted alpha level set at 0.004 (v.25, IBM
SPSS, Chicago, IL) to compare injured versus uninjured participants from both pre-season
collections, bilaterally. For this analysis, we considered any athlete with a medically-reported or
self-reported grade 2 injury. We also used 2 (group) by 2 (time) repeated measures multivariate
analyses of variance (MANOVA) on each limb with a Bonferroni-adjusted alpha level set at
0.025 to compare injured and uninjured participants from pre-season to post-season during year
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one. Due to missing data caused by injury or departure from the team, we were not able to
compare year two pre-season to year two post-season. Bivariate correlation analyses and
Shapiro-Wilk tests of normality were utilized prior to performing the MANOVA. In addition, we
aimed to identify groups of athletes with similar injuries to further investigate gait mechanics. In
those instances, we utilized independent samples t-tests to compare SI values for all variables
between participants with and without injuries, with a Bonferroni-adjusted alpha level set to
0.004. Effect sizes for the independent t-

ds ((Mean 1

Mean

2)/pooled SD), and were interpreted as small (ds = 0.2), moderate (ds = 0.5), or large (ds > 0.8).60
Partial eta squared (

2

p)

values were utilized for determining effect size within the MANOVA

and were interpreted as small (

2

p

= 0.01), moderate (

2

p

= 0.06), or large (

2

p

> 0.14).60

RESULTS
Injury Rates
Subject-specific information regarding injury status and data collection participation is
listed in Table 3.1. Injury incidence rates were determined as the number of participants
reporting at least one injury during the season. In year one, the medically-reported injury
incidence rate during the season was 33%, while the self-report injury incidence rate was 67%.
In year two, the medically-reported injury incidence rate during the season was 50%, while the
self-report injury incidence rate was 70%. Clinical diagnoses of specific injuries and self-report
locations of pain from pre- and post-season are provided in Table 3.2. In year one, only one of
the self-reported instances (hamstring tightness) corresponded with a medically-reported injury.
In year two, three self-reported injuries corresponded with a medically-reported injury.
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Table 3.1. Injury Status and Data Collection Participation by Participant and Year
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17

Pre
x
x
x
x
x
x
x
x
x

Year 1
Post
x
x
x

Pre

Year 2
Post

x
x

x
x

x
x
x
x

x
x
x

x
x
x
x
x
x

x

x
-reported or

self-reported grade 2 injury.

Table 3.2. Clinical Injury Diagnoses and Self-Report Locations of Pain
Clinical Diagnoses
Year 1
Bilateral Hamstring Tightness
Bilateral Calf Tightness
Iliotibial Band Syndrome, Right
Knee Injury, Other, Right
Posterior Tibialis Tendonitis, Right
Navicular Stress Fracture, Right
Midfoot Inflammation, Left

n
1
1
1
1
1
1
1

Year 2
Tibial Stress Fracture, Bilateral
Lower Leg Injury, Other, Bilateral
5th Metatarsal Avulsion Fracture, Left
2nd Metatarsal Stress Fracture, Left
Navicular Stress Fracture, Left
Medial Arch Sprain, Left
Medial Tibial Stress Syndrome, Left

n
1
1
1
1
1
1
1
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Self-Report Locations of Pain
Year 1
n
Right Upper Leg
5
Right Foot
3
Left Upper Leg
1
Left Knee
3
Left Foot
2

Year 2
Right Upper Leg
Right Lower Leg
Right Foot
Left Upper Leg
Left Knee
Left Lower Leg
Left Foot

n
1
3
1
2
2
7
7

Injured versus Uninjured, Pre-Season
Due to missing data, we combined pre-season data collections for both years. In the case
of two participants who were present for both pre-season collections, we used data from year
one. There were six participants total, with three in each group. The gait variables of interest
were not significantly different between injured and uninjured participants (p > 0.004), yet there
were moderate-to-large effect sizes present for several variables (Table 3.3).
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Table 3.3. T-tests, Pre-Season, Injured (n = 3) vs. Uninjured (n = 3)
Left Limb
Mean
Ankle Dorsiflexion at HS (°)
Injured
Uninjured
Peak Ankle Plantarflexion (°)
Injured
Uninjured
Peak Ankle Dorsiflexion (°)
Injured
Uninjured
Peak Ankle Eversion (°)
Injured
Uninjured
Peak Knee Flexion (°)
Injured
Uninjured
Peak Knee Abduction (°)
Injured
Uninjured
Peak Hip Extension (°)
Injured
Uninjured
Peak Hip Abduction (°)
Injured
Uninjured
Peak Hip Adduction (°)
Injured
Uninjured
Peak Hip Internal Rotation (°)
Injured
Uninjured
Hip Flexion at HS (°)
Injured
Uninjured
Peak VILR (BW/s)
Injured
Uninjured

Right Limb

ds

p

91.78
92.76

0.11

0.90

70.15
73.46

0.92*

111.97
115.86

ds

p

91.33
90.10

0.15

0.86

0.32

69.82
74.51

0.66*

0.46

1.86*

0.09

112.07
116.27

1.44*

0.15

-12.09
-9.96

0.58*

0.52

-16.99
-17.03

0.02

0.98

-41.19
-41.99

0.23

0.79

-41.86
-39.35

0.86*

0.35

-3.06
-5.25

1.35*

0.17

-4.66
-3.38

0.37

0.67

-12.64
-13.79

0.26

0.77

-12.58
-15.92

0.53*

0.55

-2.83
0.33

1.09*

0.25

1.64
1.82

0.04

0.96

5.95
9.04

0.66*

0.47

11.66
10.26

0.35

0.69

5.83
5.72

0.03

0.98

5.13
4.14

0.22

0.80

27.20
27.11

0.01

0.99

25.90
23.97

0.29

0.74

0.23

0.80

0.32

0.71

73.57
79.55

* indicates a moderate-to-large effect size (>0.5)
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Mean

68.56
59.68

Injured versus Uninjured, Year One Pre- to Post-Season
Testing for assumptions determined that the variables were at least moderately correlated
with no evidence of multicollinearity. Additionally, the data were normally distributed, as
assessed by Shapiro-Wilk test (p < 0.05). There was no interaction effect, group effect, or time
effect (p > 0.025), however, all tests demonstrated large effect sizes (Table 3.4).

Table 3.4. MANOVA: Year One Pre- to Post-Season, Injured (n = 3) vs. Uninjured (n = 3)
2
p

Group * Time
Group
Time

0.72*
0.95*
0.92*

Left
p
0.89
0.47
0.59

Right
2
p

0.98*
0.95*
0.99*

p
0.32
0.47
0.18

* indicates a large effect size (>0.14)

Symmetry Index, Left Foot Injury Year Two
Seven of the eleven individuals who participated in year two reported either a self-report
or medically-reported left foot injury. Due to the high frequency of left foot injuries, this group
was investigated further. Independent samples t-tests were conducted to compare all SI values at
either pre- or post-season between seven participants with a left foot injury and four participants
without a left foot injury in year two. There was a significant difference in knee abduction angle
symmetry between injured (SI = 72.7% ± 25.4%) and uninjured (SI = 20.6% ± 17.9%)
participants (t(9) = -3.59, p = 0.004). There were no other statistically significant differences
between groups, but most tests were associated with moderate-to-large effect sizes (Table 3.5).
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Table 3.5. T-test, Symmetry Index of Selected Variables, Left Foot Injury Year Two,
Injured (n = 7) vs. Uninjured (n = 4)
Mean
Peak Eversion (%)
Injured
-19.25
Uninjured
-56.28
Peak VILR (%)
Injured
13.83
Uninjured
14.99
Peak Knee Abduction (%)
Injured
-72.73
Uninjured
-20.59
Peak Hip Adduction (%)
Injured
26.59
Uninjured
144.32
Peak Hip Abduction (%)
Injured
429.32
Uninjured
-79.99
Peak Hip Internal Rotation (%)
Injured
86.22
Uninjured
348.80
Hip Rotation Range of Motion (%)
Injured
30.57
Uninjured
16.04
* indicates a moderate-to-large effect size (>0.5)

ds

p

1.05*

0.084

0.09

0.881

2.37*

0.006

.068*

0.216

1.04*

0.168

1.92*

0.005

0.91*

0.229

DISCUSSION
All but one of the 17 individuals in this study experienced at least one self-reported grade
1 or grade 2 injury over the course of two years. The yearly incidence rates in this study (33
70%) were within the range of rates provided in the literature (11 85%).5,19,48 Overall, we
observed that self-reported injury rates were higher than medically-reported injury rates. Injury
reporting inconsistencies may be related to several factors. Athletes may feel more comfortable
disclosing instances of pain on a questionnaire, particularly when the questionnaire is for
research purposes only. Additionally, because the athletes were reporting instances of pain and
not specific injuries, they may have over-reported injuries. We did, however, ask if the pain
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altered their training, classifying these injuries as grade 2. Over the course of this study,
including the off-season, the majority (65%) of self-report instances of grade 2 injuries did not
correspond with medical reports. That is, it appears athletes were managing pain and altering
their training on their own without seeing sports medicine personnel. Inconsistencies in injury
reporting may represent a larger issue, particularly for grade 2 injuries which caused athletes to
alter their training. It is possible that reporting inconsistencies, such as those discovered in this
study, may influence injury rates in the literature. Indeed, according to commonly-referenced
systematic reviews, the method of reporting injuries and the definition of injury is not consistent
among investigations.4,5 The results of the current study demonstrate that the method of reporting
injuries should be a consideration when analyzing injury rates in the literature.
Along with variance in reporting methods and definition of injury, injury rates may also
be influenced by the population investigated. Several studies have noted that weekly training
mileage5,48,61 and level of experience39,61 may increase injury risk. In the current study, all
participants were on the same training schedule throughout the season. During both years, there
were more self-reported and medically-reported injuries at post-season than at pre-season. This
may be due to an increase in training mileage and intensity associated with the competitive

may further influence injury rates.61
experience (67% in year one and 50% in year two) was less than athletes in their first or second
year (100% in year one and 88% in year two). More experienced runners may be better able to
identify their injury threshold, particularly when transitioning to a Division-1 level sport.
Experience with training loads expected at a more elite level may lead to lower injury
occurrences in the third- and fourth-year athletes.
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An aim of this study was to evaluate movement characteristics of injured and uninjured
athletes. Although most of our analyses resulted in high p-values, effect size analyses
demonstrated moderate to large effects. These seemingly contradictory findings are likely related
more to a lack of statistical power, rather than a lack of observed differences between groups. 62
As the sample size in this study was inherently limited, it is not ideal to rely upon inferential
statistics. Furthermore, the reported injury types varied among athletes in this study. We would
not expect that movement alterations resulting from a foot injury would be the same as
movement alterations resulting from a hip injury. Thus, combining all injured participants,
regardless of injury location or type, may not accurately represent the biomechanical changes
that may occur as a result of injury. This demonstrates the complexity and individualization of
running injuries, even in a seemingly homogenous group of participants. Therefore, to conduct a
thorough biomechanical analysis, we focused on specific injuries that were commonly reported.
Seven athletes experienced injuries to the left foot during year two. Three of these
injuries were diagnosed by the team athletic trainer and included medial arch sprain, navicular
stress fracture, and fifth metatarsal avulsion fracture. The remaining four were classified as either
grade 1 or grade 2 self-reported foot injuries. We observed that the athletes suffering from a foot
injury exhibited greater asymmetry of the knee abduction angle compared to uninjured athletes.
Greater knee abduction angles have been associated with injury, altering alignment and
subsequently altering force distribution across the joint. 63 From the joint angles analyzed, we
observed differences in peak hip internal rotation SI. Regardless of injury status, all athletes
demonstrated higher peak internal rotation values on the right limb compared to the left limb
(t(10) = 3.705, p = 0.004). Previous research suggests that increased hip internal rotation may be
associated with patellofemoral pain and tibial stress fractures. 25 Indeed, seven athletes
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experienced lower leg injuries, including two medically-diagnosed cases of medial tibial stress
syndrome and one instance of bilateral tibial stress fractures.
Most of the reported foot injuries were self-reported and therefore did not have a medical
diagnosis to confirm a specific injury or determine exact location. However, during the study
there were two incidences of navicular stress fracture, thus further inspection of these

mechanics that were beyond one standard deviation from the group mean. These included a
greater peak instantaneous loading rate (group mean = 71.1±22.5 BW/s), greater peak ankle
dorsiflexion (group mean = 113.9±2.3°), greater peak hip extension (group mean = 11.6±7.1°),
greater peak hip adduction (group mean = 0.9±2.79°), and lesser hip flexion angle at heel strike
(group mean = 27.7±7.1°). By the post-season data collection, however, most variables were
within the group norm. Both athletes still exhibited greater peak instantaneous loading rate
compared to the group mean, and the first athlete exhibited higher peak hip adduction while the
second athlete exhibited higher peak hip external rotation. This demonstrates that these variables
may also be of interest in a larger group of individuals with navicular stress fractures.
Research regarding biomechanical changes after a navicular stress fracture is scarce, but
a recent study64 demonstrated that foot kinematics differ in runners who had sustained a
navicular stress fracture compared to healthy runners. Specifically, runners who had a history of
navicular stress fractures exhibited less plantar flexion, greater rearfoot eversion excursion,
greater rearfoot eversion velocity, and less forefoot abduction excursion than runners without a
history of navicular stress fracture. 64 Although research has yet to examine changes occurring at
proximal joints in individuals with navicular stress fractures, there is support that altered hip
mechanics are associated with distal injuries. 51 In the current data set of athletes with navicular
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stress fractures, the observed deviations were more prominent on the uninjured limb, indicating
that the athlete may have been compensating for the injury. While some movement asymmetry is
present in healthy gait, an excess may increase risk of injury. 20,63
In addition to differences associated with left foot injuries, we also noted differences in
kinetics among athletes. Though vertical instantaneous loading rate did not differ between
injured and uninjured athletes, the vertical ground reaction force (vGRF) profile was of interest
among several athletes. We observed that several athletes who suffered left foot injuries in year 2
presented with inconsistent and highly variable vGRF profiles in the left limb. Data from preseason collection included three athletes with variable and/or inconsistent vGRF profiles (Figure
3.1). Of these three athletes, two experienced left foot injuries during the season and one athlete
left the team for reasons unknown to the research team. The two injured athletes did not
participate in post-season collection, as they were both prescribed protective walking boots. One
athlete sustained a stress fracture of the second metatarsal, while the other experienced an
avulsion fracture of the fifth metatarsal. The athlete who sustained a stress fracture of the second
metatarsal exhibited a vGRF profile with a consistent impact transient but appeared to have
additional peaks occurring immediately after (Figure 3.1a). This athlete participated in data
collection in year one before sustaining the stress fracture, and the kinetic data demonstrated a
more typical vGRF profile. However, the athlete was treated by the athletic trainer for left foot
injuries between year one and year two. Therefore, it is possible that the atypical vGRF in preseason year two was influenced by the injuries sustained between seasons and may have
predisposed the athlete to the metatarsal stress fracture. The athlete who experienced a fifth
metatarsal avulsion fracture did not exhibit a clear impact transient but demonstrated inconsistent
vGRF profiles, particularly during the loading response, between trials (Figure 3.1c). This athlete
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was not on the team during year one, so pre-injury data were not available for comparison.
Additional data points, such as those collected as part of a longitudinal study, would be useful to
determine the influence of impact kinetics in the development and progression of running
injuries. Although assessing foot strike pattern and impact mechanics was not an aim of the
current study, the potential interactions among impact kinetics, gait mechanics, and running
injuries should be considered.

Figure 3.1. Ensemble vertical ground reaction force versus time curves of three athletes (a-c) who sustained foot
injuries during Year 2. The y-axis represents force in Newtons and the x-axis represents time normalized to stance
phase. Each line represents one trial collected while running at a preferred pace.
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Within the literature, some evidence suggests that force parameters, particularly vertical
loading rate, may be influential in the development of overuse running injuries such as tibial
stress fractures.19,49 A recent systematic review19 confirmed a potential relationship between
loading rate and stress fracture incidence, but not other running-related injuries or other force
parameters, including impact peak or active peak. The authors surmise that different injury types
have different etiologies, and force parameters may be more influential for the development of
bony injuries than soft-tissue injuries.19 Like other research regarding running injuries, further
research regarding force parameters and injury incidence should involve well-defined groups,
clear injury definitions, and a longitudinal approach.
CONCLUSIONS
The current study provides evidence that injury rates reported in the literature may be
influenced by reporting methods, as the self-reported injury rate was greater than the medicallyreported injury rate. It was observed that training load and intensity, especially combined with
experience at these loads, may influence injury risk. Although it has been previously
hypothesized, our data also confirm the complicated and individualized nature of movement
patterns that may contribute to or result from injuries. Despite the homogenous group of highly
competitive female runners, injury mechanics were not able to be observed across all injured
runners. This may be due to a variety of injuries observed, the individual definition of injury, or
the individual response to injury. This elucidates the difficulty of assigning causes to running
injuries and highlights the importance of future large-scale studies. These studies must include
clear injury definitions and reporting criteria and most importantly, must focus on movement
mechanics in a large group of runners with a given injury.
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CHAPTER 4: THE EFFECT OF PLANTAR FASCIITIS STATUS ON LOWER
EXTREMITY RUNNING MECHANICS
Significance of the Chapter
The first two studies further supported the notion that running injuries are multifactorial,
diverse, and vary among individuals. Both studies also demonstrate that the composition of
groups in running injury research should be homogenous in demographics, experience, and
injury location. In both of the previous studies, the foot was a common injury location. In
Chapter 2, plantar fasciitis was the second-most reported injury among runners. In Chapter 3, a
majority of the runners studied experienced a foot injury. Thus, to develop a more homogenous
group approach, the final study focused on plantar fasciitis as the injury of interest.
Furthermore, while the longitudinal approach utilized in Chapter 3 was important for better
examining injury risk, it was complicated by the variability in injury status and an inherently
small sample size. Therefore, the final study of this dissertation aimed to analyze gait mechanics
among individuals who currently have symptoms of plantar fasciitis, individuals with resolved
plantar fasciitis, and individuals who have no history of plantar fasciitis.
Manuscript Note
This manuscript has been developed and written with members of my advisory
committee.
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ABSTRACT
Context: Although plantar fasciitis is a common injury among runners, there is a paucity of
research examining gait mechanics, particularly with regard to injury status.
Objective: Analyze three-dimensional multi-segment foot mechanics during gait in runners with
current plantar fasciitis, resolved plantar fasciitis, and no history of plantar fasciitis.
Design: Cross-sectional research study.
Setting: University biomechanics laboratory.
Patients or Other Participants: 30 male and female runners, divided into three groups: 1)
current plantar fasciitis (PF, n = 10, age 43 ± 11 years); 2) resolved plantar fasciitis (RPF, n = 10,
age 43 ± 13 years); and 3) control (CON, n = 10, age 38 ± 11 years).
Main Outcome Measures: Vertical instantaneous loading rate, kinematics of the foot, ankle,
knee, and hip, arch height index, arch rigidity index, and arch drop.
Results: PF exhibited less forefoot extension, more midfoot inversion, and more midfoot
extension compared to RPF. Foot mechanics in CON were not different than RPF or PF. Sagittal
knee ROM was greater in PF compared to both RPF and CON. No other variables of interest,
including foot characteristics, were significantly different among groups.
Conclusions: The PF group exhibited dynamic foot mechanics during gait which suggest a
lower, more flexible arch compared to RPF. It is important to note that static measures of foot
structure and ankle motion did not differ among groups, as these variables are commonly
implicated in the development of plantar fasciitis. However, the differences in the midfoot and
forefoot between PF and RPF indicate that during gait, the dynamic motion of the forefoot and
midfoot are important to consider in plantar fasciitis research.
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INTRODUCTION
Plantar fasciitis is a common musculoskeletal injury, with more than 1 million patients in
the United States seeking medical care annually. 65 In an athletic population, plantar fasciitis is
considered the most common foot injury in runners66 and the third most common running injury
overall.14,15 Despite the high prevalence of plantar fasciitis in active and non-active populations,
the etiology and development of plantar fasciitis is not well understood, 67 particularly with
regard to running gait.34 Research has demonstrated that a large portion of runners with plantar
fasciitis continue to run while injured (Chapter 2), and less than one-half seek medical care for
the treatment of plantar fasciitis. Although it appears that many runners will develop plantar
fasciitis and continue to run despite pain, is not understood how plantar fasciitis affects running
gait, or how biomechanics may influence the development of plantar fasciitis.
The plantar fascia plays an important role in normal gait mechanics. Originating at the
medial calcaneal tubercle and extending along the length of the plantar surface of the foot to the
phalanges, the plantar fascia supports the medial longitudinal arch and contributes to optimal
foot mechanics.67 Mechanically, the foot is described as a truss, with the calcaneus, midtarsal
joint, and metatarsals forming the arch, and the plantar fascia serving as the tie-rod between the
calcaneus and the phalanges. 68 Due to the viscoelastic properties of the plantar fascia, stretch
tension prevents the collapse of the foot and maintains the medial longitudinal arch. 68 Toe
extension during propulsion causes the plantar fascia to wind around the metatarsal heads,
shortening the distance between the calcaneus and the metatarsals, and elevating the medial
longitudinal arch. This shortening, or tightening, mechanism of the plantar fascia is referred to as
the windlass mechanism.68 Excessive tension on the plantar fascia, which may occur in
individuals with either high or low arches, is thought to contribute to the development of plantar
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fasciitis.67,69 This injury is characterized by unilateral or bilateral pain that originates in the heel.
This pain is worsened by long periods of rest or upon beginning walking in the morning as the
previously relaxed fascia is placed under tension. 70,71
Risk factors for the development of plantar fasciitis in runners are multifactorial and
include both intrinsic and extrinsic factors. 67,72 Mechanical overload and excessive tension on the
plantar fascia, which can be due to having either a lower- or higher- arched foot than average, is
a widely-accepted cause of plantar fasciitis.69 Other frequently-studied intrinsic risk factors
include foot structure,67,69,70 rearfoot eversion,23,73 and plantar loading.33,34 Extrinsic factors, such
as overuse, training errors, and inappropriate footwear have also been studied. 67,70 While
researchers and clinicians associate these factors with the development of plantar fasciitis, the
histopathology and pathomechanics of plantar fasciitis are not well understood. 67 Additionally,
though plantar fasciitis is considered one of the most common running injuries, 14,15,66 few studies
have aimed to investigate the effect of plantar fasciitis on running mechanics. 34 The research has
been conducted to analyze running mechanics in individuals with plantar fasciitis has focused on
foot23 and ankle73 mechanics, loading rate, 33 or plantar pressure distribution. 34
Interestingly, although arch dynamics and motion of the foot have been clinically
associated with the occurrence of plantar fasciitis, there is a lack of data to support these
assertions, due at least in part to modeling the foot as a rigid segment. 23 Only one study23
investigating plantar fasciitis has modeled the foot according to a multi-segment foot model, and
this study demonstrated that individuals with plantar fasciitis exhibited foot mechanics which
differed from healthy controls. Specifically, individuals with plantar fasciitis exhibited greater
rearfoot eversion, greater first metatarsal-phalangeal joint dorsiflexion (toe extension), and
greater medial forefoot plantar flexion at contact followed by greater sagittal range of motion. 23
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Due to the complexity of the plantar fascia and its multi-segmental influence on the foot, more
comprehensive information regarding foot structure and function in runners with plantar fasciitis
is needed.
A history of plantar fasciitis has also been associated with greater vertical loading rate
and increased ankle dorsiflexion range of motion in female runners.73 However, few research
studies have investigated the influence of injury status on running mechanics by utilizing groups
comprised of injured, uninjured, and control participants. 33,34 It is possible that the presence of
pain in runners with current plantar fasciitis may lead to altered running mechanics relative to
individuals with resolved plantar fasciitis or no history of plantar fasciitis. Two such studies
demonstrated that runners with current plantar fasciitis and resolved plantar fasciitis exhibit
higher vertical loading rate than runners with no history of plantar fasciitis 33 but have similar
plantar pressure characteristics. 34 The modeling of group design based on injury status has not
yet been applied to investigate the kinematics of the foot and ankle. Moreover, there are no
existing research studies which examine the effect of plantar fasciitis on proximal joint
mechanics. Both over- and under-pronation have been associated with the development of
plantar fasciitis,69 and in a closed-chain system, due to the tight articulation of the ankle mortise,
pronation and supination of the foot results in tri-planar movement at proximal joints56,74 .As
such, proximal joint mechanics may influence, or be influenced by, the presence of plantar
fasciitis.
Furthermore, the incidence of plantar fasciitis may be influenced by injury history. A
history of injury is considered a risk factor for future injury, 5,6,11,12 and it is common for
subsequent injuries to occur at the same anatomical area. In fact, a large-scale prospective study
reported that half of the runners who developed injuries had previously sustained an injury to the
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same anatomical area.75 This information suggests that if not corrected, factors associated with
injury development may increase the risk of future injury in runners. Therefore, the purpose of
the current study is to compare multi-segment foot mechanics in runners with current plantar
fasciitis, resolved plantar fasciitis, and control participants with no history of plantar fasciitis. We
hypothesize that foot mechanics will differ based on injury status.
METHODS
Participants
The study was approved by the University of Nevada, Las Vegas Institutional review
board. Written informed consent was provided by all individuals prior to participation in the
study. Thirty male and female runners were recruited for the study. A sample size of thirty
participants, or ten per group, was deter
previous studies analyzing kinematics23,73 and kinetics33 associated with plantar fasciitis.
Runners in the Las Vegas metropolitan area were recruited via social media, email, and word-ofmouth recommendations. To be included in the study, runners must fit into one of the following
three groups: 1) individuals who run at least 6 miles per week and have plantar fasciitis, with
symptoms within the past two weeks; 2) individuals who run at least 15 miles per week and have
resolved plantar fasciitis, with no symptoms for at least one month; and 3) individuals who run at
least 15 miles per week and have no history of plantar fasciitis. Exclusion criteria included a
history of major lower extremity surgery and pregnancy or those who did not meet the criteria
for any of the three aforementioned groups.
Procedures
All participants reported to the Sports Injury Research Center Biomechanics Laboratory
at UNLV for one visit. Participants completed a questionnaire regarding injury history and
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running history and the Plantar Fasciitis Pain and Disability Scale (PFPDS) 76. Participants who
had experienced plantar fasciitis pain within the past two weeks, as indicated on the PFPDS,
were included in the current plantar fasciitis group (PF). Participants who previously had plantar
fasciitis but did not have symptoms for over one month were included in the resolved plantar
fasciitis group (RPF). In particular, participants reported that they experienced heel pain that was
indicative of plantar fasciitis, including pain upon first steps in the morning, and pain after sitting
and standing for prolonged periods. Over half (60%) of the PF and RPF groups had visited a
medical professional for their plantar fasciitis, but this was not a requirement of the study.
Participants who had never experienced plantar fasciitis or heel pain were included in the control
group (CON).
Height and mass were recorded, and body composition was measured via electrical
impedance (inBody). Dynamic and static foot characteristics were quantified via standing and
seated arch height indices (AHI), arch rigidity index (ARI), and arch drop height (AD)
(JAKTOOL, Cranbury, NJ). These variables were calculated using truncated foot length (heel to
metatarsal heads) and seated and standing dorsum height (measured at ½ total foot length). The
following calculations were utilized:77

79

1) seated AHI = seated dorsum height / truncated foot

length; 2) standing AHI = standing dorsum height / truncated foot length; 3) ARI = standing AHI
/ seated AHI; and 4) AD = seated dorsum height

standing dorsum height.

Participants were asked to bring the shoes in which they run the most, which were worn
during the gait analysis. Retro-reflective spherical markers (14 mm diameter) were adhered to
segment foot model.80 The modification involved tracking rearfoot motion utilizing a threemarker cluster on the heel. Participants ran in a laboratory equipped with nine 3D motion capture
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cameras (200 Hz, Vicon, Oxford UK) and three force platforms (1000 Hz, AMTI, Watertown,
MA) embedded into a 15-meter runway. Participants ran at their preferred velocity and a lab
control velocity of 3.3 m/s (±5%). A control velocity was utilized to account for potential
differences in preferred running velocity between groups. Velocity was measured using
photoelectric timing gates (Lafayette Instruments, Lafayette, IN) placed 4 meters apart
surrounding the force platforms. Preferred velocity was not controlled but was recorded for each

cessful foot strikes were collected for each velocity and on each limb. A
successful foot strike was defined as full foot contact on the force platform with no signs of
targeting. To prevent participants from altering their movement to strike the force platforms

positions were adjusted by a member of the research team to allow for a natural stride.
Marker trajectories were labeled and gap-filled up to 25 frames in Nexus software (v.2.6,
Vicon, Oxford, UK). Kinetic and kinematic data were exported to Visual3D software (v.6, CMotion, Germantown, MD) to calculate variables of interest. Kinematic and kinetic data were
filtered with a low-pass, fourth order, zero-lag Butterworth filter with cutoff frequencies of 10
Hz and 50 Hz, respectively. A Cardan rotational sequence (x-y-z) was utilized to calculate joint
angles so that x represented the ML axis, y the AP axis, and z the vertical axis. All joints were
expressed relative to right-hand rule. The multi-segment foot model allowed for the creation of a
three-segment foot,80 expressed as proximal segment relative to the distal segment. The joints of
the foot utilized for this study included the midfoot (rearfoot-midfoot), and forefoot (midfootforefoot). For reference, motion of the medial arch was described using the midfoot segment
angle, where extension (positive sagittal angle) and eversion (negative frontal angle) represented
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the lowering of the medial arch, while flexion (negative sagittal angle) and inversion (positive
frontal angle) represented rising of the medial arch. At the forefoot, extension of the toes was
represented with a positive sagittal angle.
Variables of interest included AHI, ARI, AD, peak instantaneous vertical loading rate
(VILR), and sagittal and frontal plane peak angles and range of motion (ROM) at the forefoot,
midfoot, ankle, knee, and hip during stance. The stance phase was identified using a 20 N
vertical ground reaction force threshold, defined with heel strike and toe off events. Kinetic data
were exported and peak instantaneous loading rate was determined using a custom Matlab code
(v. r2016b, MathWorks, Natick, MA). The vertical ground reaction force data were inspected,
and due to a lack of impact peak presence consistency, the peak VILR was determined as the
peak value of the first derivative of the vertical ground reaction force in the first 50ms of
stance.59
body weight per seconds (BW/s). All variables were calculated bilaterally.
Statistical Analysis
To determine homogeneity of participant characteristics, several variables were compared
among groups using onebody fat percentage, and contact time at both running velocities. Foot structure characteristics
(standing and seated arch height index, arch rigidity index, and arch drop) were also compared
using oneanalyzed using 2 (velocity) by 3 (group) repeated m

velocity of 3.3 m/s.
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The average of each kinetic and kinematic variable of interest was calculated across 8
trials per limb for each participant. For the PF and RPF groups, the injured limb was used. Eight
participants (five PF and three RPF) reported bilateral pain, thus the right limb was used for
statistical analysis. For the control group, the right limb was used. A mixed 2 (velocity) by 3

of statistical interaction, simple main effects for group and velocity were performed using one
way ANOVA and paired samples t-tests. In the event of no interaction but significant main
effects, post-hoc analyses (LSD) were conducted.
RESULTS
There were no group differences in age, mass, body composition, contact time, or any of
the foot structure characteristics (Table 4.1). Preferred velocity for all groups was significantly
lower than the control velocity of 3.3 m/s (p < 0.001) and did not differ among groups (p = 0.62).

Table 4.1. Participant Demographics, Preferred Velocity, Contact Time,
and Foot Structure Characteristics
PF

RPF

CON

p

Age (years)

42.9 (10.8)

43.0 (12.7)

38.2 (10.9)

0.57

Mass (kg)

67.8 (12.9)

71.2 (15.2)

65.1 (10.5)

0.58

Body Fat (%)

26.5 (8.4)

19.4 (4.3)

23.7 (8.0)

0.10

Preferred Velocity (m/s)

2.8 (0.3)

3.0 (0.5)

3.0 (0.4)

0.62

Contact Time, Preferred (ms)

263 (24.6)

245 (23.4)

238 (23.5)

0.08

Contact Time, 3.3 m/s (ms)

247 (18.5)

238 (19.0)

229 (21.8)

0.15

Seated AHI

0.37 (0.03)

0.37 (0.01)

0.35 (0.02)

0.17

Standing AHI

0.34 (0.04)

0.35 (0.02)

0.33 (0.02)

0.22

ARI

0.93 (0.04)

0.95 (0.02)

0.94 (0.03)

0.28

4.3 (2.3)

3.2 (1.6)

3.6 (1.6)

0.42

AD (mm)

All values expressed as mean (SD). PF=plantar fasciitis; RPF=resolved plantar fasciitis;
CON=control; AHI=arch height index; ARI=arch rigidity index; AD=arch drop
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The following sections provide results of the statistical analyses for the kinetic and
kinematic variables of interest. These variables included peak VILR and frontal and sagittal
plane kinematics at the forefoot, midfoot, ankle, knee, and hip during stance. Mean sagittal and
frontal plane angles for all groups and velocities are displayed in Table 4.2.
Peak Vertical Instantaneous Loading Rate
There was no statistical interaction (p = 0.08), and no differences in peak VILR among
groups (p=0.71) or between velocity conditions (p = 0.09). PF demonstrated VILR of 93.6 ± 29.5
BW/s at preferred velocity and 108.1 ± 31.1 BW/s at 3.3 m/s. RPF demonstrated VILR of 98.2 ±
33.0 BW/s at preferred velocity and 97.1 ± 23.4 BW/s at 3.3 m/s. CON demonstrated VILR of
89.8 ± 26.9 BW/s at preferred velocity and 91.8 ± 19.6 BW/s at 3.3 m/s.
Foot Kinematics Forefoot
The variables of interest at the forefoot included sagittal ROM and peak dorsiflexion
during stance. Sagittal plane forefoot ROM did not demonstrate an interaction effect (p = 0.24)
or a group effect (p = 0.78), but all groups exhibited less ROM at their preferred running
velocities (F(1,27)=5.02, p = 0.03).
There was no interaction effect (p = 0.75) or velocity effect (p = 0.84) in peak forefoot
dorsiflexion, though there was a main effect of group (F(2,27)=5.46, p = 0.04). The RPF group
exhibited greater forefoot dorsiflexion than PF (p = 0.02) but did not differ from CON (p = 0.46).
There were no differences in peak forefoot dorsiflexion between PF and CON (p = 0.08).
Foot Kinematics Midfoot
The variables of interest at the midfoot included sagittal plane angle at heel strike, peak
dorsiflexion during stance, sagittal ROM during stance, frontal plane angle at heel strike, and
frontal ROM during stance. In the sagittal plane, there was no interaction effect in midfoot angle
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at heel strike (p = 0.65) but there was a significant main effect of group (F(2,27)=4.17, p = 0.03)
and velocity (F(1,27)=7.62, p = 0.01). The PF group exhibited greater midfoot dorsiflexion at
heel strike compared to RPF (p = 0.01) but did not differ from CON (p = 0.09). There were no
differences in sagittal midfoot angle at heel strike between RPF and CON (p = 0.28). All groups
exhibited greater midfoot dorsiflexion at heel strike when running at their preferred velocity.
For peak midfoot dorsiflexion during stance, there was no interaction effect (p = 0.64) or
velocity effect (p = 0.07), though there was a group effect (F(2,27)=5.10, p = 0.01). PF exhibited
greater peak midfoot dorsiflexion than RPF (p < 0.01) but did not differ from CON (p = 0.06).
There were no differences in peak midfoot dorsiflexion between RPF and CON (p = 0.23). For
sagittal midfoot ROM, there was no interaction effect (p = 0.17), group effect (p = 0.96), velocity
effect (p = 0.23).
In the frontal plane, there was no interaction effect (p = 0.15) or velocity effect (p = 0.98)
in midfoot angle at heel strike, though there were group differences (F(2,27)=5.460, p = 0.010).
The RPF group exhibited greater midfoot inversion at heel strike than PF (p < 0.01) but there
were no differences between RPF and CON (p = 0.13). There were also no differences between
PF and CON (p = 0.09). For frontal midfoot ROM, there was no interaction effect (p = 0.42),
group effect, (p = 0.60) or velocity effect (p = 0.78).
Ankle Kinematics
The variables of interest at the ankle included sagittal ROM during stance, sagittal angle
at heel strike, peak ankle eversion during stance, and frontal ROM during stance. There was no
interaction effect (p = 0.09) or group effect (p = 0.32) in sagittal ankle angle at heel strike, but all
participants exhibited greater dorsiflexion angles at heel strike at their preferred velocity
(F(1,27)=6.72, p = 0.02). Similar results were demonstrated in peak ankle eversion and frontal
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ankle ROM. In peak ankle eversion, there was no interaction effect (p = 0.84) or group effect (p
= 0.10), but participants exhibited greater ankle eversion at 3.3 m/s compared to preferred
velocity (F(1,27)=6.27, p = 0.02). In frontal ankle ROM, there was no interaction effect (p =
0.63) or group effect (p = 0.35), but participants exhibited greater ROM at 3.3 m/s compared to
preferred velocity (F(1,27)=9.09, p = 0.01).
For sagittal ankle ROM, there was an interaction effect (F(2,27)=4.56, p = 0.02). Simple
main effects of group, determined using two onepreferred velocity (p = 0.94) or the lab control velocity of 3.3 m/s (p = 0.34). Simple main effects
of velocity, assessed using three paired-samples t-

ignificant in the RPF

(p = 0.40) or CON (p = 0.18) groups. However, in the PF group, participants exhibited
significantly less sagittal ankle ROM at their preferred velocities compared to 3.3 m/s
(t(1,9)=3.30, p = 0.01).
Knee Kinematics
The variables of interest at the knee included sagittal ROM, frontal ROM, and peak knee
abduction during stance. For sagittal ROM, there was no interaction effect (p = 0.47) or velocity
effect (p = 0.77), but there was a significant group effect (F(2,27)=5.12, p = 0.01). PF exhibited
greater sagittal knee ROM than both RPF (p = 0.01) and CON (p = 0.01). RPF and CON did not
differ from one another (p = 0.94).
Peak knee abduction during stance demonstrated no interaction effect (p = 0.52) or group
effect (p = 0.67), but all participants exhibited greater peak knee abduction at 3.3 m/s compared
to preferred velocity (F(1,27)=15.76, p < 0.001). For frontal knee ROM, there was no interaction
effect (p = 0.10), velocity effect (p = 0.27), or group effect (p = 0.08).
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Hip Kinematics
The variables of interest at the hip included sagittal angle at heel strike, sagittal ROM,
frontal ROM, peak hip adduction, and peak hip internal rotation. For sagittal angle at heel strike,
there was no interaction (p = 0.34) or group effect (p = 0.06), but all participants demonstrated
greater hip flexion at heel strike while running at their preferred velocity (F(1,27)=8.65, p =
0.01). For sagittal ROM, there was no interaction (p = 0.70) or group effect (p = 0.14), but all
participants demonstrated greater sagittal hip ROM at 3.3 m/s (F(1,27)=6.23, p = 0.02). For
frontal ROM, there was no interaction (p = 0.50) or group effect (p = 0.06), but all participants
demonstrated greater frontal hip ROM at 3.3 m/s (F(1,27)=5.75, p = 0.02). Similarly, for peak
hip adduction, there was no interaction (p = 0.63) or group effect (p = 0.16), but all participants
demonstrated greater peak hip adduction at 3.3 m/s (F(1,27)=12.44, p < 0.01). For peak hip
internal rotation, there was no interaction effect (p = 0.63), velocity effect (p = 0.79), or group
effect (p = 0.37).
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Table 4.2. Kinematic Variables by Group and Velocity
PF

RPF

CON

Preferred

3.3 m/s

Preferred

3.3 m/s

Preferred

3.3 m/s

Main
effects

Sagittal ROM (°)

9.8 (3.8)

10.6 (4.3)

11.5 (4.8)

11.5 (4.9)

10.7 (3.5)

11.4 (4.0)

v

Peak extension (°) ^

36.9 (8.0)

36.8 (7.5)

46.3 (6.0)

46.6 (6.2)

43.7 (10.4)

43.7 (10.4)

g

Extension at HS (°) ^

10.9 (8.9)

10.1 (8.8)

0.5 (8.4)

0.9 (8.7)

3.8 (9.3)

3.5 (8.5)

v, g

Peak extension (°) ^

15.7 (8.0)

15.4 (8.1)

3.6 (9.7)

3.4 (10.1)

8.4 (7.5)

7.8 (7.7)

g

Inversion at HS (°) ^

23.3 (5.0)

23.6 (5.9)

30.8 (5.7)

31.0 (5.7)

27.6 (4.0)

27.2 (3.6)

g

Frontal ROM (°)

2.1 (1.0)

2.0 (0.9)

2.0 (0.8)

2.1 (0.8)

2.4 (1.3)

2.5 (1.2)

41.9 (8.0)*

44.1 (7.8)*

42.3 (4.2)

43.1 (4.9)

41.2 (9.2)

39.8 (7.2)

i

Dorsiflexion at HS (°)

7.7 (4.4)

6.3 (3.2)

3.2 (6.2)

3.4 (6.5)

4.5 (7.0)

3.2 (6.5)

v

Peak eversion (°)

10.5 (3.6)

11.1 (4.0)

7.8 (2.5)

8.2 (3.5)

7.3 (3.6)

8.0 (3.9)

v

Frontal ROM (°)

18.8 (5.9)

20.1 (6.8)

16.9 (3.8)

17.5 (4.5)

19.4 (3.0)

20.8 (3.4)

v

Sagittal ROM (°) ^±

33.5 (4.9)

33.3 (7.1)

27.4 (3.8)

27.9 (4.2)

27.9 (3.9)

27.1 (4.5)

g

Frontal ROM (°)

6.1 (1.5)

6.3 (1.5)

5.5 (1.9)

5.7 (1.5)

7.2 (1.7)

7.4 (2.2)

Peak abduction (°)

4.3 (2.5)

4.8 (2.4)

3.2 (3.1)

3.6 (3.3)

3.6 (2.9)

4.2 (3.2)

v

Flexion at HS (°)

34.4 (6.8)

33.5 (7.8)

28.2 (10.6)

25.6 (9.3)

28.1 (4.3)

25.0 (.3)

v

Sagittal ROM (°)

43.9 (4.7)

46.1 (7.1)

39.6 (7.2)

40.7 (5.7)

41.6 (4.3)

42.7 (3.1)

v

Frontal ROM (°)

13.0 (2.1)

13.8 (2.8)

10.5 (3.4)

11.8 (5.2)

9.0 (4.0)

9.3 (4.8)

v

Peak adduction (°)

12.2 (4.8)

13.0 (5.1)

9.8 (3.0)

11.0 (4.0)

8.9 (3.1)

9.5 (3.3)

v

Peak internal rotation (°)

6.2 (3.1)

5.9 (3.0)

4.2 (5.2)

4.7 (5.0)

7.1 (4.3)

7.1 (4.3)

Forefoot

Midfoot

Ankle
Sagittal ROM (°)

Knee

Hip

All values expressed as mean (SD). v = significant main effect of velocity (p<0.05); g = significant main effect of group
(p<0.05); i = significant interaction (p<0.05); *significant simple main effect of velocity (p<0.05); ^significant difference
between PF and RPF (p<0.05); ±significant difference between PF and CON (p<0.05)

DISCUSSION
This study aimed to assess differences in multi-segment foot mechanics among runners
with current plantar fasciitis, resolved plantar fasciitis, and control participants with no history of
plantar fasciitis. This group design was utilized to help us differentiate between injured,
previously injured, and uninjured groups. As a history of injury is often considered a risk factor
for future injury, it is possible that there are differences in mechanics among runners who are no
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longer symptomatic but are at a higher risk of re-injury. This study is unique in its design, both in
the groups analyzed and the decision to model the foot as a multi-segment foot. The groups were
homogenous in that demographics, preferred running velocity, and foot structure characteristics
did not differ among groups. Therefore, our findings of differences in mechanics are more likely
an effect of group, rather than running velocity or foot structure.
We hypothesized that foot mechanics in the multi-segment model joints would differ
among groups. We observed partial support for this hypothesis. The current plantar fasciitis
group (PF) exhibited foot mechanics indicative of a lowered dynamic arch compared to the
resolved plantar fasciitis group (RPF), particularly at the forefoot and midfoot. It is well-known
that the dynamic movement of the plantar fascia is strongly associated with movement of the
medial arch and forefoot. 68 At the forefoot, the PF group exhibited smaller peak extension angles
than RPF. Extension of the great toe allows the windlass mechanism to occur, resulting in a
heightened medial longitudinal arch. 68 Thus, a lack of forefoot extension in the PF group
indicates a lowered arch in comparison to RPF. This observation was further supported at the
midfoot. PF exhibited significantly greater midfoot extension at heel strike, greater peak midfoot
extension during stance, and less midfoot inversion at heel strike.
Considered together, midfoot extension and eversion are indicative of dynamic lowering
of the arch. Additionally, previous research has identified greater midfoot eversion in athletes
classified as low-arched.24 Greater midfoot eversion and extension, combined with less forefoot
extension, suggests that the PF group exhibited dynamic lowering of the arch compared to RPF.
While not statistically significant, the peak forefoot extension, midfoot extension, and midfoot
eversion values in the control group were between the PF and RPF groups. We did not observe
differences in static arch measurements between groups. However, the PF group demonstrated
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less rigid, more dynamic arch during gait. The RPF exhibited arch dynamics during gait that
were indicative of higher, more rigid arches. These findings are in line with original theories
related to injury risk in lower- and higher-arched individuals.69 During gait, the RPF group
exhibited characteristics of more rigid dynamic arches, which results in a lack of mobility
necessary to absorb forces, increased tension on the plantar fascia, and may increase re-injury
risk.67,69 On the other hand, the PF group demonstrated more flexible dynamic arches during gait
which may lead to greater stress and subsequent micro tearing of the plantar fascia. 67,69
Excessive motion may also place stress on soft tissue structures of the foot, leading to pain,
discomfort, and additional lengthening. 69
Interestingly, lowering of the medial longitudinal arch in the PF group was not
corroborated with a significantly different arch rigidity index (ARI). While not statistically
significant, the same patterns demonstrated in midfoot motion during gait were noted in this
measure, with the PF group exhibiting the lowest ARI, the RPF group exhibiting the highest
ARI, and the control group exhibiting ARI between PF and RPF. To investigate this further,
ds values were calculated to determine the effect sizes at the pairwise level. There was a
moderate effect between PF and RPF (ds = 0.63), and a small effect between PF and CON (ds =
0.28) and RPF and CON (ds = 0.39). It is not surprising that the groups were not significantly
different, as the majority of participants had arch height indices within normal values. 77,78
However, the measured difference in arch mechanics during gait in this study provides evidence
that multi-segment foot gait analyses may be more sensitive to differences in dynamic foot
mechanics than stationary tests of arch characteristics. This is important when considering the
prevalence of plantar fasciitis as an overuse running injury.
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At the ankle, there was a significant interaction effect in sagittal range of motion, but
post-hoc testing identified only a significant effect of velocity in the PF group. Sagittal plane
range of motion at the ankle is important during gait to allow for the center of gravity to pass
over the foot. In individuals with plantar fasciitis, additional motion in the frontal plane of the
ankle and in the joints of the foot may occur to compensate for tightness in the Achilles tendon. 69
Theoretically, individuals with plantar fasciitis may present with limited ankle dorsiflexion and
increased ankle eversion, yet this has not been proven using dynamic gait analyses. 73 It is
possible that greater movement at the midfoot may be placing stress directly on the plantar fascia
and ankle mechanics may play a lesser role in the development of plantar fasciitis.
Proximal joint mechanics were also analyzed in this study, but few differences existed
between groups. At the knee, sagittal plane range of motion was significantly greater in the PF
group compared to both RPF and CON. It is possible that participants in the PF group were
compensating for pain in the foot by increasing flexion at the knee, perhaps in response to pain
due to loading. At the hip, patterns emerged which were not statistically significant but included
greater frontal plane range of motion and greater sagittal plane angle at heel strike in the PF
group compared to RPF and CON. These differences may be related to the increased range of
motion at the knee and hip, as the plantar fasciitis group may respond to pain by increasing
motion to attenuate force. A majority of proximal joint variables differed between velocity
conditions, although there were no group differences in running velocity. Overall the preferred
running velocity was slower than the controlled velocity. While contact time during both velocity
conditions was not significantly different among groups, a pattern emerged in which PF
exhibited longer contact times. This is not surprising considering the additional movement in the
foot and greater sagittal knee range of motion in the PF group. Overall, the observed differences
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in lower extremity mechanics in PF compared to RPF suggest that runners with plantar fasciitis
may alter their gait in response to pain.
The differences in gait mechanics observed in this study illustrate the importance of
considering injury status in running injury research. Furthermore, this study highlights the need
for continuing research to identify movement patterns that may exist before, during, and after the
development of plantar fasciitis. Additionally, modeling the foot with multiple segments, rather
than a rigid segment, provided information that may be of importance in the development and
treatment of plantar fasciitis. The differences observed between groups indicate that dynamic
motion of the foot during gait, rather than static measures, may influence the risk of plantar
fasciitis. It is possible that individuals with resolved plantar fasciitis developed compensatory
movement patterns in response to the injury. Thus, interventions and training aimed at restoring
optimal foot mechanics may be beneficial in the treatment of plantar fasciitis.
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CHAPTER 5: OVERALL DISSERTATION CONCLUSION
The overarching purpose of this dissertation was to analyze the effects of running injury
on running status and movement characteristics. To address this purpose, three separate studies
were developed and conducted. These studies utilized a multifactorial and comprehensive
approach to better understand the etiology and effects of running injuries.
First, a survey was created to determine how current and former runners may respond to
running injury. This study provided information to support the notion that injury severity exists
on a continuum, and many runners continue to run while injured. Moreover, a large portion of
runners do not seek medical care for their injuries. This information is important when
considering how the literature defines running injury and may elucidate the variability in
response to running injury. In addition to the individual response to injury, this study also
examined the different injuries and locations of pain reported by participants. Interestingly, while
the single-most reported injury was iliotibial band syndrome, the most common location of pain
was the foot. Plantar fasciitis was the second-most common running injury reported in this
sample.
The second study utilized a longitudinal approach to understand how movement
characteristics may influence or be influenced by the presence and development of running
injury. There was a lack of statistically significant findings, which may be attributed to both an
inherently limited sample size and the presence of a variety of injuries. Additionally, this study
gathered information regarding self-reported injury rates and medically-reported injury rates.
Through the information collected in this study, it can be concluded that method by which injury
reports are collected will influence the rate of injury. Considering this information in conjunction

62

will influence self-reported injury rates, and that individuals may consider themselves injured
and may alter their training without seeing a medical professional. Furthermore, in agreement
with the first study, the most commonly-injured location was the foot.
Considering the results of the first and second studies, the final study was developed to
analyze a group of runners with one specific injury. Bearing in mind the prevalence of foot
injuries, particularly plantar fasciitis, the final project aimed to examine how movement
characteristics may be influenced by the presence or history of plantar fasciitis. The groups
studied included runners with current plantar fasciitis, resolved plantar fasciitis, and no history of
plantar fasciitis. There are few studies to date which have utilized this group design, though
based on the results of this study, it appears that considering injury status in study design may
help demystify the influence of injury on gait mechanics. In addition to a unique group approach,
this study also modeled the foot as a multi-segment structure to better mirror the complexity of
the plantar fascia. The results of this study, particularly with regard to the complex multisegment mechanics of the foot, provided information that may elucidate why a previous history
of injury may increase the risk of future injury.
Based upon the experiments conducted to fulfill the purpose of this dissertation, it is
concluded that research regarding the development of running injuries covers a wide breadth of
knowledge, but it is imperative for future research to consider the various factors that may
influence the findings of these studies. To date, researchers have not been able to definitely
prove that any one factor is responsible for the development of running injuries. The results of
this dissertation highlight the complexity involved in conducting running injury research and
underline the need for researchers to consider several key points. Research design should
consider not only the importance of clearly defining injury but should also consider the lack of
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homogeneity that may exist in a group of seemingly similar participants. Therefore, it is
imperative that for future research studies, the groups of interest must be carefully designed and
defined with the multifactorial and complex nature of running injuries in mind.
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